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Summary

A piloted simulation study was conducted in the Langley Visual Motion Simulator to address the im-
pact of dynamic aeroservoelastic effects on flying qualities of a High Speed Civil Transport. The intent
of the investigation was to determine the effectiveness of measures that can be taken to reduce the impact
of aircraft flexibility on piloting tasks. Potential solutions examined consisted of increasing the frequency
of elastic modes through structural stiffening, increasing the damping of elastic modes through active
control, eliminating control effector excitation of the lowest frequency elastic modes, and eliminating
visual cues associated with the elastic modes. The various configurations were evaluated by six test pilots
who performed three types of maneuvers: a nominal approach and landing task, a landing that required
correction for a lateral offset from the runway centerline, and a subsonic maneuvering task. During the
investigation, several incidents were encountered in which cockpit vibrations due to elastic modes fed
back into the control stick through involuntary motions of the pilot’s upper body and arm. Structural
stiffening and compensation of the visual display were of little benefit in alleviating the impact of elastic
dynamics on piloting tasks, whereas increased damping and elimination of control effector excitation of
the lowest frequency modes both offered great improvements when applied in sufficient degree.

Introduction

As commercial transport aircraft designs become larger and more flexible, the impact of aeroelastic
vibration on a vehicle’s flight dynamics, flight control, and flying qualities increases in prominence. The
consideration of such effects is likely to assume unprecedented significance in the design of a High Speed
Civil Transport (HSCT). Constraints imposed by flight at supersonic speeds and the need for economical
commercial operation will result in a very large but relatively light and slender HSCT design that will
exhibit unusually low-frequency elastic modes. Great potential exists for such low-frequency structural
dynamics to impact a pilot’s ability to maneuver an aircraft, not only because of the degradation of ride
quality but also because of adverse coupling between human pilot control dynamics and elastic modes of
the aircraft structure.

A piloted simulation experiment was conducted in the Langley Visual Motion Simulator (VMS) facil-
ity to address the impact of dynamic aeroservoelastic (DASE) effects on flying qualities of the HSCT. An
earlier piloted simulation assessment of a preliminary dynamic elastic HSCT model, which was also
performed in the VMS, revealed that the flexible modes of the configuration caused great difficulty in
performing several approach and landing tasks (ref. 1). The intent of the present investigation was to
determine the effectiveness of measures that can be taken to reduce the impact of aircraft flexibility on
such tasks.

Potential solutions examined were (1) increasing the frequency of the elastic modes by stiffening the
aircraft structure, (2) active structural mode control to increase damping levels of various combinations of
elastic modes, (3) active structural mode control to reduce pilot excitation of structural vibration, and
(4) active synthetic vision system (SVS) compensation that would remove vibratory effects from the out-
the-window scene as presented to the pilot. An HSCT simulation model containing six dynamic elastic
modes was parameterized so that structural stiffness, modal damping, and other characteristics could be
directly varied to represent the effect of each potential solution.

Twenty parametric configurations were evaluated by six test pilots representing the Federal Aviation
Administration (FAA), The Boeing Company, National Aeronautics and Space Administration (NASA),
and Veridian Corporation (formerly Calspan Corporation). The pilots evaluated each configuration with
three types of maneuvers consisting of a nominal approach and landing task, a landing that required



correction for a lateral offset from the runway centerline, and a subsonic maneuvering task. Pilot ratings
and cockpit vibration measurements were analyzed to provide insight regarding the effectiveness of each
potential solution considered.

Test Objectives and Approach

The primary objective of this investigation was to determine the effectiveness of measures that can be
taken to reduce the impact of aircraft flexibility on piloting tasks for an HSCT. The secondary objective
was to establish preliminary guidelines for designing a structural mode control system for an HSCT
concept. An earlier simulation study that used a preliminary dynamic aeroelastic HSCT model was
performed in the VMS. That study, referred to as the “LaRC.1 Piloted Simulation Assessment” in the
High Speed Research Program, revealed an increase in the difficulty of approach and landing tasks when
dynamic elastic modes were included in the simulation (ref. 1). The approach of the present investiga-
tion, referred to as the “LaRC.3 Aeroelastic Simulation Experiment” in the High Speed Research
Program, was to parametrically vary certain aspects of the aeroelastic model to provide a simplified
representation of several potential means of reducing the impact of dynamic aeroelasticity on piloting
tasks. These potential solutions are depicted in figure 1 and described subsequently.

The first potential solution considered was to stiffen the vehicle structure. Structural stiffening tends
to increase the modal frequencies and was approximated in the experiment by simply applying a stiffen-
ing factor to the frequencies associated with each DASE mode in the existing model. In vacuo frequen-
cies of the dynamic elastic modes were multiplied by a given frequency ratio to represent a stiffer aircraft
structure without altering the aerodynamic characteristics, mass characteristics, or in vacuo mode shapes
of the configuration. This experimental approach therefore represents an idealization in which structural
stiffness is added without the associated weight penalty. In this way we sought to gain insight into how
stiff the structure must be to avoid difficulties in flying qualities caused by acroelasticity.

The second potential solution was to increase modal damping, as could be achieved by employing an
active mode suppression control system. The effect of such a system was approximated by increasing the
damping of the existing elastic modes. By simply varying the damping ratios associated with selected
elastic modes, the experiment examined the level of damping augmentation that an active mode suppres-
sion system must provide to restore acceptable flying qualities.

An idealized mode-canceling control system may also be envisioned that could use multiple control
effectors at the tail, wing, and/or nose of the aircraft to pitch, roll, or yaw the vehicle while avoiding any
excitation of the lowest frequency elastic modes. This mode-canceling system would represent a higher
risk structural mode control concept, and it is the third potential solution considered in the investigation.
The term “mode-canceling control” is used here to refer to input shaping for distributed control effectors
that would avoid excitation of selected modes. The modal dynamics would remain, however, and would
be subject to excitation by turbulence. Such a solution was approximately represented in the experiment
by eliminating the ability of control effector inputs to excite the first symmetric and first antisymmetric
modes. This approach provided information regarding the effectiveness of such a control concept and the
relative importance of modal cancellation versus modal damping.

Compensation of the pilot’s visual display to eliminate perturbations due to structural vibration was
the fourth potential solution considered in the investigation. This factor had been considered by Waszak,
Davidson, and Schmidt in an earlier investigation where compensation of visual cues was used to elimi-
nate bouncing of the horizon relative to the head-up display (HUD) due to dynamic elasticity (ref. 2).



Such compensation was found to have a positive effect on the pilots’ opinion of a flexible B-1 aircraft
simulation. A similar approach was represented in the existing aeroelastic HSCT simulation by simply
eliminating the display perturbations due to aeroelasticity that were nominally included in the simulation.

By exploring the parametric variations just described, information was gained regarding the effective-
ness of each approach and the degree to which it must be exercised in order to achieve the desired flying
qualities. The means of approximating the various approaches by directly manipulating characteristics of
the dynamic aeroelastic model permitted timely execution of an experiment that captured the fundamental
effects of interest without having to design and implement candidate solutions.

Experimental Design and Apparatus

The following sections of this report describe the mathematical aircraft simulation model, the test
matrix of aeroelastic configurations, the piloted evaluation maneuvers and data collected, and the test
procedures used in this experiment, as well as the motion-based simulation facility in which the evalua-
tions were conducted.

Aeroelastic HSCT Simulation Model

This experiment used a mathematical simulation of the so-called Cycle 3 version of the Boeing
Reference-H (Ref-H) supersonic transport design (ref. 3). The model was published by Boeing Commer-
cial Airplane Group in the summer of 1996 as the fourth major release in a series of increasingly detailed
math models of the Ref-H configuration. The simulation model is based upon a combination of wind
tunnel and computational fluid dynamics studies of the Ref-H design, ranging from low subsonic to
Mach 2.4 supersonic wind tunnel studies.

The Cycle 3 release has improved fidelity over previous releases for aerodynamics, inertia, engines,
landing gear, and actuation systems. The geometry of the Ref-H configuration was modeled in the simu-
lation so that an accurate assessment of tail, nacelle, and wingtip strike incidents (inadvertent contact with
ground) could be made during landing evaluations. In addition, finite-element structural models were
used to predict the effect of steady flight loads upon aerodynamic stability derivatives, referred to as
quasi-static aeroelastic (QSAE) effects. A key feature of the math model is the inclusion of DASE
effects, which requires additional states to represent the dynamic flexing of the aircraft structure.

General Configuration Description, Propulsion, and Gear Models

The Ref-H vehicle design has a cranked-arrow planform, a conventional aft tail, and four underslung
engines as shown in figure 2. The control devices include an independently actuated horizontal stabilizer
and elevator, a three-segment rudder on a fixed vertical fin, eight trailing-edge flaperons (four per wing),
four leading-edge flaps (two per wing), and a vortex fence device and two spoiler-slot deflectors on each
wing. The elevator and horizontal tail are geared 2:1 by software in the current pitch control law.
The fuselage has a maximum diameter on the order of 12 ft and is expected to carry approximately
300 passengers in three seating classes. The configuration is approximately 310 ft long with a wingspan
of 130 ft.

The aircraft has an operating empty weight of 280000 Ib and a maximum taxi weight of 650000 Ib.
Final cruise weight is expected to be approximately 385000 lb. Maximum takeoff gross weight
(MTOGW) is 650000 1b and maximum zero-fuel weight (MZFW) is 350000 Ib. The center of gravity
(C.G.) can vary from as far forward as 48.1 percent mean aerodynamic chord (MAC) to as far aft as



56.6 percent MAC. The tasks that were performed during this experiment used the final cruise weight of
384862 Ib with a C.G. at 53.2 percent MAC. The MAC is approximately 86 ft.

The Ref-H design includes two mixed-flow turbofan engines under each wing capable of 53 500 Ib of
gross thrust at takeoff. The axisymmetric inlet includes a translating centerbody spike to adjust the loca-
tion of the shock wave during supersonic cruise. The outboard engines are located 31.2 ft from the
centerline of the aircraft and are canted inward at 2.4° and upward 3.25° relative to the centerline of
the aircraft. The inboard engines are located 17.4 ft from the centerline and are canted inward 1° and
upward 5.7°.

The landing gear model contained in the Cycle 3 simulation consists of three sets of main gear, located
just behind the C.G. envelope and arranged in left, center, and right sets of tires abreast of each other, and
a nose gear. The main gear are located approximately 156 ft behind the cockpit and have a 17.7-ft stance.
The nose gear is located approximately 56 ft behind the cockpit. Turning angle of the nose gear is 75°.
The dynamic aeroelastic model used in this experiment cannot accurately represent the aeroelastic excita-
tion that would occur during landing rollouts since there are no aeroelastic inputs for gear reaction forces.
Acroelastic perturbations at the cockpit station in response to gear touchdown also could not be accurately
represented in this simulation. Therefore, pilots participating in this experiment did not consider the
derotation or landing rollout in their aeroelastic evaluations.

Dynamic Aeroservoelastic Model

The dynamic aeroservoelastic portion of the model used in this simulation experiment contained six
flexible aircraft modes, three symmetric (SY) and three antisymmetric (AN). The general mode shapes
and their associated in vacuo frequencies are shown in figure 3. The aeroelastic model was based on a
NASTRAN version of the Elfini 892-STR-E finite-element model. The model was generated at three
different flight conditions: Mach 0.24 at a weight of 384862 1b and a C.G. location of 53.2 percent MAC
(landing), Mach 2.4 at a weight of 384862 b and a C.G. location of 53.2 percent MAC (final supersonic
cruise), and Mach 0.24 at a weight of 649914 Ib and a C.G. location of 48.1 percent MAC (takeoff).
Only the landing case was used in this experiment.

Dynamic aeroelastic modes contained in the model could be excited by turbulence and by control
effector movements. No inputs from landing gear or engine pylon reaction forces were included in the
model. Visual effects of the structural flexibility were provided in the simulation. The out-the-window
scene presented on the cockpit monitors moved in relation to the HUD to represent the local perturbations
in pitch and yaw at the pilot station. The overall effect was that the out-the-window scene appeared to
bounce slightly both vertically and laterally in response to elastic excitation. These visual perturbations
were typically approximately =0.1° during maneuvers performed with DASE effects.

Control Laws

The simulation model used control laws referred to as the y/V system in the longitudinal axis and the
p/p system in the lateral-directional axis (refs. 4 and 5). These designs allowed the pilot to command
flight-path rate with longitudinal stick inputs, roll rate with lateral stick inputs, and sideslip angle with
rudder inputs. The longitudinal y/V system also included an autothrottle for airspeed regulation. When
the stick was in or very near the neutral position (detent), the control laws maintained constant flight path,
bank angle, and airspeed. These control laws were developed by The Boeing Company and were imple-
mented in the Langley simulation model. As a whole, the combined control laws are referred to as the
“stability and control augmentation system,” or SCAS. The SCAS is designed to provide stabilization



and control authority sufficient to perform the various maneuver tasks included in the LaRC.3 experi-
ment. The design of the SCAS is somewhat optimistic in that it uses ideal feedback signals that reflect
the motions of the mean body axis, a coordinate system that tracks the centroid of the vibrating aircraft
structure. The aeroelastic dynamics therefore influenced stability of the closed-loop system only to the
extent that the mean axis motions were influenced. In reality, local aeroelastic perturbations would
influence sensor feedbacks, creating the potential for adverse interactions between elastic modes and the
stability augmentation system. The potential for such interactions will present a major challenge to
designers of the vehicle flight control systems. Further explanation of the control law strategy, architec-
ture, and implementation is provided in references 4 and 5.

The need to operate within the existing airspace system mandates that the HSCT mix with subsonic
traffic in the terminal environment and operate at subsonic speeds. This operation requires the design to
fly most approaches on the “backside” of the drag curve; that is, an increase in power is required to trim
for a reduction in airspeed. This unconventional throttle operation would probably necessitate extensive
retraining of flight crews. However, the backside characteristic can be masked by using an autothrottle
system. An autothrottle is an integral part of the Boeing y/V control law, and landings were always per -
formed with the autothrottle active during this investigation.

The method of using available control surfaces for various flight control functions (control allocation)
is based on the information provided in reference 3, along with actuator rate limits that were applied to
the control surfaces. In the LaRC.1 simulation assessment, several incidents of pilot-induced oscillation
(PIO) were encountered during tasks executed without DASE effects present. The data indicated that
flaperon rate limiting was probably the cause of these incidents. Flaperon actuator rate limits of 50 deg/s
were used during the LaRC.1 assessment, and the HSR Guidance and Flight Control Integrated Technol-
ogy Team concluded that a rate limit of 90 deg/s might eliminate the PIO difficulty. Therefore, the
(LaRC.3) simulation experiment described in this paper used the faster (90 deg/s) flaperon actuator rates.

Variation of Dynamic Aeroelastic Characteristics

The baseline model was modified to allow parametric variation of several characteristics associated
with the DASE effects. These modifications allowed the impact of structural stiffening, modal damping,
modal cancellation, and visual cues to be evaluated from a piloted control standpoint.

Variation of Structural Stiffness

The effect of structural stiffening was represented in the simulation by increasing the frequencies of all
six dynamic elastic modes included in the model. The in vacuo frequencies of the modes were multiplied
by a given frequency ratio to represent a stiffer aircraft structure without altering the aerodynamic
characteristics, mass characteristics, or in vacuo mode shapes of the configuration. This experimental
approach therefore represents an idealization in which structural stiffness is added without the associated
weight penalty. The representation of structural stiffening by directly manipulating the model in this
fashion was clearly approximate, but was sufficient to capture the basic effect. Frequency ratios of 1.0
(BASEQ configuration), 1.16 (STIF1 configuration), 1.36 (STIF2), and 1.60 (STIF3) were chosen. This
selection produced frequencies for the first symmetric bending mode of 1.25, 1.45, 1.70, and 2.0 Hz. The
corresponding stiffness increases for the STIFI, STIF2, and STIF3 configurations are 35, 85, and
156 percent, respectively. The method of increasing modal frequency without modifying mode shape
assumes that the stiffness increase is applied uniformly throughout the entire aircraft structure. The
resulting frequencies of all six modes for each configuration are shown in table 1.



Linearized models of the dynamic aeroelastic simulation were produced for each stiffness condition.
Migration of the elastic poles of the linear model that occurred as the stiffness level was varied is shown
in figure 4. The total range of stiffness variation probably extends beyond the conditions that would be
physically practical for this design because of weight penalties associated with producing the stiffer
structure. The STIF1 condition, with a frequency of 1.45 Hz for the first symmetric mode, was deemed
most representative of the actual design because the original finite-element structural model was consid-
ered to have slightly underpredicted stiffness of the overall configuration.

The original baseline aeroelastic configuration (BASEO) had a first symmetric fuselage bending mode
at 1.25 Hz in the final cruise weight condition. But work with the more mature Technology Concept
Aircraft (TCA) finite-element structural model indicated that the first mode frequency was likely to be
closer to 1.45 Hz at the final cruise weight condition and that this frequency was more likely to be repre-
sentative of the actual aircraft. For this reason, the STIF1 configuration was used as a baseline condition
for all other parametric variations and is referred to as the “modified baseline” configuration. Time
histories from the real-time simulation were used to verify that the parameterization method produced the
desired effect.

Variation of Modal Damping

Ten parametric configurations were included in the portion of the test matrix that addressed the varia-
tion of modal damping levels. Damping levels applied to various modes, along with the associated
configuration names, are shown in table 2. This portion of the investigation actually targeted three related
issues.

The first issue was the level of modal damping required to achieve acceptable pilot evaluations.
Damping ratios of 0.07, 0.15, and 0.30 were selected based on feedback obtained during discussions with
Boeing flight control researchers. The damping ratios of various modes contained in the model were set
to these values for various configurations.

The second issue dealt with the frequency range of the modes to which these damping levels were ap-
plied. The intent was to gain insight into the relative importance of suppressing only the first fuselage
bending modes as opposed to the first and second fuselage harmonics. In one variation, damping was
applied only to elastic modes with frequencies less than 2 Hz. For the modified baseline configuration
(STIF1), this frequency range included the first symmetric mode shape and the first antisymmetric mode
shape shown in figure 3. The frequencies of these two modes for the STIF1 configuration were 1.45 Hz
(SY1) and 1.61 Hz (AN1). The configurations, DAMP1, DAMP2, and DAMP3, shown in table 2, set the
damping ratios of these first two modes to 0.07, 0.15, and 0.30, respectively. In a second variation,
damping was applied to elastic modes with frequencies less than 3 Hz. This range included the SY1
and AN1 mode shapes shown in figure 3. The configurations, DAMP6, DAMP7, and DAMPS, also shown
in table 2, set the damping ratios of these four modes to 0.07, 0.15, and 0.30, respectively.

Figure 5 illustrates the pole migrations of the dynamic elastic modes as the various damping levels
were applied in these two frequency ranges. The plots shown in figure 6 illustrate normal acceleration at
the pilot station in response to elevator inputs and lateral acceleration at the pilot station in response to
rudder inputs. These frequency response plots show the attenuation of the elastic response to control
inputs that results from increased damping levels.

A third issue addressed by this portion of the investigation was the relative importance of damping
symmetric modes versus antisymmetric modes. In both frequency ranges, a damping ratio of 0.3 was



applied to the symmetric modes alone and then the antisymmetric modes alone. The configuration
entitled DAMP4 in table 2 applied a damping ratio of 0.30 to the first symmetric mode only, and the con-
figuration entitled DAMPS applied a damping ratio of 0.30 to the first antisymmetric mode only. Likewise,
the configurations entitled DAMPY and DAMP10 applied a damping ratio of 0.30 to the first two symmetric
modes and first two antisymmetric modes, respectively.

Again, since the model was directly manipulated to produce desired damping levels, the representation
of an active mode suppression system is approximate and lacks nonlinearities and additional filter
dynamics that might be present in the actual system. But the representation is sufficient to capture the
fundamental effects of the variations of damping level, targeted frequency range, and symmetric versus
antisymmetric mode suppression.

Elimination of Control Excitation of Selected Modes

Another portion of the test matrix examined the impact of modal cancellation, which refers to elimi-
nation of the control effector excitation of a particular DASE mode or modes. It is intended to represent
the effect that would be produced by using command shaping together with multiple control effectors to
allow the pilot to pitch, roll, or yaw the aircraft without exciting the specifically targeted modes. Canard
and elevator inputs, for instance, could be appropriately proportioned and blended to pitch the vehicle
without exciting the first fuselage-bending mode. In the lateral case, rudder and chin fin effectors may be
used in combination to avoid excitation of the first antisymmetric mode. The modal dynamics would
remain, however, and would be subject to excitation by turbulence.

An idealized representation of such a design was achieved by eliminating elements of the B matrix
(the control effect matrix) in the dynamic aeroelastic model that represent the control effector excitation
inputs to the first symmetric and first antisymmetric fuselage bending modes. Control deflections com-
manded by the pilot during evaluation maneuvers therefore could not excite these modes. Only the first
symmetric and first antisymmetric modes were canceled in this fashion because cancellation of higher
fuselage harmonics would probably require more control effectors. Table 3 shows the parametric condi-
tions and associated configuration names for the portion of the test matrix that examined mode-canceling
control.

The caNC1 configuration shown in table 3 consists of the STIF1 baseline with modal cancellation ap-
plied to the first symmetric and first antisymmetric bending modes. Mode-canceling configurations were
also generated for each of the three damping levels so that the test matrix would include direct compari-
sons of cancellation on and off for each damping condition. In this regard, the configurations labeled
CANC2, CANC3, and CANC4 in table 3 are directly comparable with DAMP6, DAMP7, and DAMPS in table 2
(with damping ratios of 0.07, 0.15, and 0.30, respectively).

Representation of the mode-canceling control design by eliminating the elements of the B matrix in
the dynamic aeroelastic model is inherently approximate since it cannot convey the effect of nonlineari-
ties (such as control saturation or rate limiting) in the actual mode suppression. This investigation makes
no attempt to examine the achievability or practical limitations of such a mode-canceling control
approach, but instead only evaluates the merits of an ideal representation of such a design.

Figure 7 illustrates the migration of transfer function zeros that result from elimination of the control
effector excitation elements of the B matrix in the dynamic aeroelastic model. Zeros associated with the
canceled modes in the transfer function of pitch rate to elevator move very near the poles. The modal
dynamics remain and are subject to excitation by turbulence or by coupling from other elastic modes.



The frequency response plots shown in figure 8 illustrate that the first symmetric and first antisymmetric
modes can no longer be directly excited by control effector inputs for the canceled configurations. The
slight response of symmetric mode 1 that remains is due to coupling with symmetric mode 2.

Elimination of DASE Visual Cues

In order to represent an ideally compensated display, the aeroelastic perturbations in the out-the-
window scene produced by structural flexing were turned off. The conformality of the horizons on the
HUD and the outside visual scene was thereby restored for the display-compensated configuration. This
condition was used to represent idealized compensation of an external vision system (XVS) for dynamic
elastic effects. The variation was performed for only one aeroelastic condition, the DAMP1 configuration.
The configuration called DISPO represents the visual perturbations off case of the DAMP1 aeroelastic
configuration. Visual perturbations due to aeroelastic effects were included in all other configurations
evaluated.

Variation of Turbulence Level

Variation of turbulence level was the final factor examined in this experiment. All tasks were flown
with the standard Dryden Spectra Turbulence Model. For the majority of configuration and task evalua-
tions, an rms turbulence level of 3 ft/s was used (light turbulence). But for two configurations, pilots also
performed the nominal approach and landing task with rms turbulence levels of 4.5 ft/s (moderate) and
6.0 ft/s (heavy). It was hoped that these spot evaluations of selected configurations would provide insight
into the variation of configuration acceptability that could be expected to result from increasing turbu-
lence levels. The two configurations chosen for the turbulence level variation were the QSAEO configura-
tion (no dynamic aeroelastic effects) and the DAMP7 configuration (0.15 damping applied to modes 1-4).
This moderately damped aeroelastic configuration was selected to provide a general representation of the
variation in flight characteristics that could be expected with increasing turbulence levels.

Test Matrix and Evaluation Procedure

A complete list of the parametric configurations used in the LaRC.3 experiment is shown in table 4.
The test matrix contains 20 parametric configurations that target the effects of structural stiffening, modal
damping level, modal cancellation, and display filtering. Also included are four additional conditions
corresponding to varying turbulence levels for the 9SAEO and DAMP7 configurations.

As noted earlier, one of the stiffened cases was used as a modified baseline for the majority of the
evaluations. The first stiffened parametric configuration, STIF1, was used as the baseline configuration
throughout this investigation as it was considered more representative of the actual aircraft design. The
STIF1 configuration had the frequency of the first symmetric mode increased to 1.45 Hz with all other
modes multiplied by the corresponding frequency ratio. Therefore the parametric variations on damping
and modal cancellation, as well as the display compensation case, were applied to this modified baseline
with a first symmetric mode at 1.45 Hz (STIF1) rather than the original baseline configuration with its
first symmetric mode at 1.25 Hz (BASEO).

Although table 4 presents the complete list of parametric configurations evaluated in this experiment,
it does not indicate the order in which the six test pilots evaluated these configurations. The order of
evaluation of the 20 configurations was random and differed for each pilot. The pilots were not informed
which configuration they were evaluating. The exception to this practice was the turbulence variation that
occurred at the end of the experiment. Pilots were informed as to the configuration and the turbulence
level for those evaluations. All other evaluations were performed with mild turbulence.
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The randomized order of configuration evaluations for each of the six test pilots is shown in table 5.
Each pilot flew and rated all three maneuver tasks (described in the following section) for a given con-
figuration before proceeding to the next random configuration. Simulation sessions were arranged so that
pilots spent no more than 2 consecutive hours in the cockpit at a time, twice a day, with a minimum of
2 hours between sessions. Pilots were briefed prior to their first simulation sessions regarding overall test
objectives and evaluation procedures, and each pilot had been provided with a written test plan at least
1 week before participation in the experiment. The test plan described the objectives, procedures, maneu-
ver tasks, and evaluation tools of this experiment. Brief summaries of the prior flight experiences of each
evaluation pilot are provided in appendix A.

Evaluation Maneuvers

Three maneuver tasks were evaluated by each pilot for the parametric configurations that are presented
in table 4. The maneuvers included a nominal approach and landing, a lateral offset landing, and a sub-
sonic flight director tracking task. The turbulence-variation portion of the test matrix shown in table 4
was evaluated only with the nominal approach and landing task after the pilot completed the random
portion of the test matrix in which the 20 parametric configurations were evaluated.

Nominal Approach and Landing

A flight card showing the task definition and performance criteria for the nominal approach and land-
ing (task 4020) is provided in appendix B. The task was initiated in level flight at an altitude of 1500 ft
and an airspeed of 190 knots on course for a localizer intercept of 30°. The pilot used the instrument
landing system (ILS) localizer and glide-slope displays on the HUD (shown in appendix C) to perform
the approach. At a distance of 7 nmi from the runway, autothrottles were commanded to reduce airspeed
to the final approach speed of 159 knots. The procedure for the nominal approach included an automatic
reconfiguration of leading- and trailing-edge devices that was initiated at a gear altitude of 390 ft and
executed over a period of 18 s. The impetus for this automatic flap reconfiguration is the trade-off
between noise restrictions imposed in the terminal area and the desire to reduce the aircraft pitch attitude
at touchdown. The nominal autoflap procedure therefore configured the aircraft for a low-speed—low-
noise approach down to an altitude of 390 ft, at which point the vehicle passed a critical noise-measuring
station. Flaps and leading-edge devices were then automatically commanded to a high-lift-low-pitch
attitude setting of 0° for leading-edge flap and 30° for trailing-edge flap for the final flare and touchdown;
this configuration reduced the potential for tail strike at touchdown. During this period, thrust was in-
creased by approximately 12 percent and pitch attitude was reduced by approximately 6° to compensate
for the flap change. During the approach and landing with autothrottles engaged, these changes occurred
automatically. A sketch depicting the nominal landing task segment definitions and performance criteria
is shown 1in figure 9. A flare cue was provided on the HUD during the final portions of the landing. The
flare cue used the tuning that was defined during the so-called Ames.5 simulation experiment documented
in reference 6.

IAG Lateral Offset Landing

The Niagra Falls International Airport (IAG) lateral offset landing (task 4069) was the most challeng-
ing of the three evaluation maneuvers. This task was initiated at an altitude of 750 ft with a
300-ft lateral offset and 580-ft longitudinal offset of the ILS approach glide slope from the nominal
approach path. The pilot was directed to fly down the offset ILS glide slope to an altitude of 250 ft.
At this point, the pilot not flying (PNF) called “correct,” and the pilot executed a descending lateral
correction to reacquire the runway centerline. The pilot then executed the flare and attempted to achieve



touchdown within the tolerances required for desired performance. The first segment of this task covered
the approach from an altitude of 750 ft to 50 ft and included the lateral correction maneuver. The second
segment began at an altitude of 50 ft and included the flare and touchdown portions of the task. The task
required an aggressive lateral maneuver due to the low altitude at which the correction was initiated. A
flight card showing the task definition and performance criteria for the offset landing (task 4069) is
provided in appendix B.

Composite Flight Director Tracking

The composite flight director tracking (task 3115) allowed the pilot to evaluate the ability to accurately
maneuver the aircraft by following flight director commands. The flight director was path oriented rather
than attitude oriented. Originally, it was envisioned that either a sum-of-sines algorithm or a filtered
random signal would be used to drive the flight director motions, as was used in the flexible B-1 study
described in reference 2. However, references 7 and 8 suggest that greater consistency among pilot
ratings was obtained when the flight director behaved in a fashion that is more representative of actual
flight maneuver segments. For this reason, the decision was to drive the flight director with a composite
signal containing elements from various maneuver segments examined in previous HSCT simulations.
These maneuver segments included the localizer capture from the nominal approach, glide-slope capture,
a descending turn, and a rapid pull-up as found in the landing go-around tasks from reference 1. Flight
path and track angle command segments from these tasks were combined with varying order and sign to
produce a flight director behavior that was not easily anticipated but still representative of actual flight
maneuver tasks. The task was performed with mild turbulence. A flight card showing the task definition
and performance criteria for the composite flight director tracking (task 3115) is provided in appendix B.
Details regarding the operation of the flight director and the computation of task performance metrics are
presented in appendix D.

Data Collected
Transcribed Cooper-Harper Ratings and Comments

Pilots used the familiar Cooper-Harper rating (CHR) scale shown in figure 10 to assign a flying quali-
ties rating to each parametric configuration (ref. 9). The pilot’s task performance, in terms of touchdown
parameters, flight-director tracking accuracy, and other information concerning maximum deviation from
target values, was presented on the pilot’s head-down “scorecard” display in the cockpit immediately
following each task. This information provided a basis for assessing whether desired or adequate
performance tolerances were achieved, which helped the pilot to navigate through the Cooper-Harper
decision tree.

Pilots rated the configurations immediately following execution of a particular maneuver task using
the task rating card presented in appendix B. After completing a sufficient number of runs to rate a
particular configuration for a given task, the test pilot’s verbal responses to the task rating card were taped
using a hand-held microcassette recorder in the cockpit. The recorded pilot comments were later tran-
scribed and organized according to configuration. A complete listing of all transcribed pilot comments
collected during this experiment is provided in reference 10.

ASE Ride Quality and Control Influence Ratings

In addition to CHRs, test pilots were asked to provide a numerical assessment of the extent to which
dynamic elastic effects adversely impact their control inputs and comfort (ride quality). Two supple-
mental rating scales were designed for this experiment to target these issues independent of deficiencies
that the pilot may have perceived in the SCAS. The aeroelastic ride quality rating (RQR) scale and
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control influence rating (CIR) scale are shown in figure 11. It was important to obtain an independent
rating of aeroelastic deficiencies separate from evaluation of the SCAS. For instance, if a pilot awarded
the nominal landing task a CHR of 4 for a particular configuration, but provided a CIR of 1 and an RQR
of 1, then we could conclude that the deficient CHR was due to pilot dissatisfaction with the SCAS and
not with the aeroelastic characteristics of that particular configuration. Pilot feedback regarding the
design of these scales was incorporated based on preliminary assessments performed prior to the start of
the experiment.

The CIR scale bears further discussion. The scale was developed based on pilot comments from the
earlier (LaRC.1) preliminary piloted assessment of dynamic aeroelastic effects. During that assessment,
pilots sometimes indicated that they were “reducing the gain” or “backing off” on their control inputs to
avoid excitation of the dynamic elastic modes. Several time histories from the LaRC.1 test suggested that
the aeroelastic cockpit vibrations had sometimes corrupted the precision of pilot control inputs or even
caused occasional involuntary stick inputs. For this reason, the control influence rating scale was devel-
oped to specifically address this issue in addition to the pilot comfort or ride quality issue. The rating
scales shown in figure 11 were included on the task rating card used by the pilots during their verbal
configuration evaluations performed in the cockpit immediately following the maneuvers.

The dynamic aeroelastic evaluation scales shown in figure 11 included ratings that could be awarded
when the dynamic aeroelastic effects resulted in a loss of control or when the cockpit vibration environ-
ment motivated the pilot to abandon the evaluation. The test pilot could depress a trigger on the sidestick
control inceptor to halt the simulation if the ride quality was severe enough to warrant task abandonment.
In such instances, activation of the trigger switch immediately terminated the run and the test pilot
awarded the configuration a DASE RQR of 6 as described on the scale shown in figure 11. Poor task
performance or an imminent landing outside the desired touchdown box was not a valid reason for use of
the task abandonment trigger switch.

Digital Time Histories

A digital record of selected simulation parameters was made for each run. These parameters included
flight conditions, pilot control inputs, aircraft control effector responses, and parameters describing the
responses of the dynamic aeroelastic model. Time histories of the simulation parameters were recorded at
a sample rate of 20 Hz. Some of the recorded parameters were analyzed immediately following the run to
generate the information concerning maximum deviation from target values that was presented on the
pilot’s head-down scorecard display.

Videotape Recordings

Four separate video channels were tiled together and recorded on VHS-C tape for all piloted evalua-
tions. Figure 12 shows a single frame of the composite video image recorded during the experiment. The
first channel (lower right of fig. 12) showed an exterior view of the simulator cab as it rotated and trans-
lated on its hexapod motion platform. The second channel (upper center of fig. 12) captured the view that
was presented on the pilot’s forward cockpit monitor within the cab, which consisted of the HUD sym-
bology superimposed upon the computer-generated out-the-window scene. The third channel (back-
ground image of fig. 12) contained a wide-angle video image of the interior of the cab as viewed from
over the pilot’s right shoulder and behind the pilot and copilot’s seats. This angle captured the body
motions of both the pilot and pilot not flying as they were jostled in their seats. The fourth video channel
(lower left of fig. 12) provided a downward-looking view of the pilot’s hand on the sidestick control
inceptor. Cockpit audio was also included on the videotapes. These video recordings proved extremely
useful during postrun analysis of many simulated aeroelastic maneuver tasks.
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Langley Visual Motion Simulator
Cab Arrangement and Control Inceptor

The VMS, shown in figure 13, uses a synergistic hexapod motion system. The cockpit configuration at
the time of this experiment included a left seat pilot flying (PF) station and a right seat PNF station. A
throttle quadrant with four throttles was located between the pilot stations and included a cockpit display
unit (CDU) that was used in this experiment to monitor and adjust various functions of the simulation. A
fold-down jump seat was located behind and slightly to the left of the PNF station for an observer. Four-
point harnesses were provided at all seats for motion operation.

The inceptor (control stick) used for all maneuvers performed during the LaRC.3 experiment was a
McFadden left-handed side stick. The PF seat included a lefi-side armrest that was adjustable to provide
appropriate forearm support for the left arm of the evaluation pilot.

Visual Projection and Display Formats

An Evans & Sutherland ESIG-3000 visual image generator was used to provide out-the-window scen-
ery onto four mirror-beam-splitter monitors: a left- and a right-side view, and two forward views (one for
each pilot). The terminal environment used for takeoff and landing work was a representation of the
Denver International Airport (DIA). To assist the landing tasks, “desired” and “adequate” landing boxes
were drawn on the image of the primary runway (DIA 35L), along with a target landing reference stripe
to either side of the target touchdown aim point.

A simulated HUD was provided through an electronic video mix with the forward view. Appendix C
contains a schematic of this HUD format used for the LaRC.3 experiment. Six other CRT displays were
provided in the cockpit, arranged to the front and side of either pilot, in addition to the CDU. These
displays provided a head-down primary flight display (PFD) and a horizontal situation display (HSD).

It is anticipated that an operational HSCT will include some enhanced XVS to eliminate the need to
lower the nose for landing. Although the visual scene presented to the pilot during this experiment was
not fully representative of an enhanced vision system, the display included symbology superimposed on
the forward view that was similar to proposed XVS symbology. However, the forward field of view was
shown at lower resolution and in a smaller field of view than that proposed for an operational XVS.

In addition, two specialized displays used in the LaRC.3 study were a surface position display (SPD)
and a trim display. These displays were used to monitor the wing flap positions and the engine thrust
levels, as well as to ensure proper configuration of the autothrottle and landing gear positions prior to
each simulation run. A scorecard display was also provided at the completion of each run to indicate the
numeric value of certain performance metrics achieved during the run to assist the evaluation pilot in
assessing the configuration. The performance parameters described on the flight cards in appendix B
were reported on the pilot’s scorecard display.

Motion Characteristics and Responses
The motion platform provides acceleration cues up to =0.6g vertically within a 5.75-ft travel envelope;

lateral and longitudinal acceleration limits are similar. The angular limits of the VMS are +30°/-20°
pitch, £32° yaw, and £22° roll (positive pitch with the nose up).
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Refinements were made to the motion drive algorithms to improve suitability of the simulator for rep-
resenting the aeroelastic motion cues. Motion commands produced by the dynamic elastic portion of the
aircraft model generally bypassed the motion washout filters to avoid any attenuation or delay of elastic
vibration cues. Certain measures were also taken to allow implementation of the dynamic elastic model
in the real-time simulation environment.

Figure 14 was taken from a 1973 report that documented the frequency response capabilities of the
VMS (ref. 11). The input-output amplitude ratios for vertical and lateral sinusoidal inputs of 1.8 in. are
shown, along with the resulting phase lag, for input frequencies from 0.1 to 12 rad/s. The 1.8-in. sinusoi-
dal displacement amplitude seems particularly appropriate as data from the LaRC.1 experiment showed
that pilot station displacements from the mean body axis on the order of £2 in. at the frequencies included
in the aeroelastic model are sufficient to produce the 0.2g ringing observed during the piloted assessment.
The frequency range of the dynamic elastic modes included in the LaRC.3 experiment is also shown in
these plots (1.25 to 2.82 Hz).

The dynamic elastic portions of the model clearly caused the motion base to operate at the threshold
of its capabilities. But at the lowest frequency bending modes for the BASE(Q configuration (1.25 and
1.39 Hz), the motion base appears to give reasonable performance (amplitude ratio of 0.8 vertically and
amplitude ratio of 1.0 laterally, with about 15° of phase loss). The next two dynamic elastic modes (at
2.01 and 2.13 Hz) still appear to be within the capabilities of the motion platform with about 25° of phase
loss.

Figure 15 presents the normal accelerations at the pilot station that were commanded by the real-time
simulation (dashed line) and those that were actually produced by the motion platform as measured by
accelerometers (solid line). The time history was taken from a lateral offset landing task performed
during the LaRC.3 experiment. The 60-s recording at the top of the figure shows that the magnitude of
the two signals compared favorably, with the motion platform sometimes delivering incremental vertical
acceleration cues as high as 0.4g and 0.6g. The two segments at the bottom of the figure provide a closer
look at the frequency content and time delay between the two signals. The gross frequency content of the
signals appears quite similar, although a time delay of approximately 150 ms is apparent between the
command and the actual measured acceleration. The accelerometer measurements shown in the small-
amplitude excerpt at the bottom left of the figure appear to contain an uncommanded high-frequency
component at many of the reversal points in the time history. The cause of this small-amplitude aberra-
tion 1s uncertain, but it is most likely due to mechanical “slop” in structural components of the motion
platform or mounting of the accelerometer package itself. This vibration is present throughout the time
history, but its magnitude is small in comparison with the actual commanded accelerations.

Figure 16 gives lateral accelerations at the pilot station that were commanded by the real-time simula-
tion (dashed line) and those that were actually produced by the motion platform as measured by acceler-
ometers (solid line). The time history was taken from a lateral offset landing task performed during the
LaRC.3 experiment. The lateral accelerations here appear similar to those of the vertical acceleration.
The two segments at the bottom of the figure provide a closer look at the frequency content and time
delay between the two signals. A time delay of approximately 160 to 170 ms is apparent between the
command and the actual measured acceleration. This delay appears to be slightly longer than that
observed in the vertical axis. The accelerometer measurements shown in the small-amplitude excerpt at
the bottom left of the figure again contain an uncommanded high-frequency component at many of the
inflection points in the time history. The amplitude ratio between the actual and commanded lateral
accelerations is approximately 0.8. The extent to which these motion fidelity limitations impacted the
assessment of dynamic aeroelastic effects is thought to be minimal, but their presence should be kept in
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mind when interpreting the results of the experiment. Based on the initial dynamic aeroelastic imple-
mentation in the earlier LaRC.1 investigation (ref. 1) and the measured responses of the VMS platform,
the facility appears to provide a reasonable representation of the lowest frequency modes included in the
dynamic aeroelastic model.

Results and Discussion

Time history data, subjective pilot comments, and pilot configuration ratings were examined in vari-
ous combinations to provide some basic insights into the effectiveness of the differing approaches in
dealing with the DASE effects studied in this experiment. The CHRs, CIRs, and RQRs of the pilots were
compiled and plotted for each variation included in the test matrix. In general, CHRs did not seem
to discriminate among configurations as clearly as the CIRs and RQRs, which specifically targeted
DASE effects. A summary of all CHRs provided by the pilots for each configuration and task is shown in
tables 6 and 7. A summary of all DASE CIR and RQR scores provided by the pilots for each configura-
tion and task is shown in table 8. The following sections interpret the data shown in these tables.

Configuration Rankings by Pilot Preference Based on DASE Ratings

The first approach to compiling the data was to formulate a pilot-preference ranking of the 20 para-
metric configurations based on the average DASE CIR and RQR scores assigned by pilots for all three
maneuver tasks with a given configuration. This ranking is based only on the DASE CIR and RQR scores
by using the scales shown in figure 11. (CHRs will be discussed later.) The ranking was developed
simply by averaging all DASE ratings from all pilots for each configuration and then by arranging them
in ascending order (larger average score meaning lower pilot preference). Pilot-preference ranking of the
20 configurations is shown in table 9 and is plotted in figure 17.

This simple approach to ranking the configurations passes a number of intuitive checks. First, the
Ref-H baseline aeroelastic configuration (BASEO), with no structural stiffening or active mode suppres-
sion, was ranked the worst configuration—as one might expect. Also reassuringly, the rigid configuration
without any dynamic aeroelastic effects (0SAEO, quasi-static elastic effects only) was ranked the best.
Differentiation among configurations is greatest at the start of the ranking, in the most desirable region,
and tapers off to near ties at the undesirable end of the spectrum. The stiffened cases without active mode
suppression were all ranked poorly, suggesting that this approach was not effective at reducing the impact
of dynamic elastic effects on piloting tasks. The configuration with the highest level of damping (0.3)
applied to the greatest number of modes (four) and with modal cancellation (CANC4) was ranked the best
of the aeroelastic configurations but was still very different from the rigid aircraft in terms of pilot ratings.
The next best configuration was identical to this one with the exception of damping level, which was
reduced to 0.15 (caNC3). The fourth ranked configuration had 0.3 damping on four modes, but had no
cancellation (DAMPSE). The order of ranking may provide some interesting insights regarding potential
trades between mode-canceling control and additional damping. Another insight is gained when we
compare the rankings of the configuration that had only symmetric modes damped (DAMPY, ranked 18th)
with the configuration that had only antisymmetric modes damped (DAMP 10, ranked 9th). It is clear that
the pilots found the undamped antisymmetric motions to be more problematic than undamped symmetric
motions. Many other interesting comparisons can be drawn from this configuration-ranking chart, which
represents the most fundamental summation of the LaRC.3 experiment results.

DASE Ride Quality Ratings Versus Pilot Preference

The overall ranking shown in figure 17 provides insight regarding the order of pilot preference for
the 20 parametric configurations but does not indicate the point in ranking at which dynamic elastic
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characteristics make the configuration unacceptable. Figure 18 attempts to address this issue by showing
the average ride quality rating assigned by pilots for each configuration plotted against the overall pilot
preference ranking from the previous figure. The subjective description of the ride quality rating assigned
by pilots is shown adjacent to the ride quality axis along with shading to indicate the transition from
acceptable to marginal to unacceptable configuration characteristics. On the basis of the average ride
quality ratings, the first four configurations (0SAEQ, CANC4, CANC3, and DAMPS) appear to be in or on the
border of the acceptable ride quality region. Also shown in the plot are the maximum and minimum ride
quality ratings assigned to the configurations. On the basis of the maximum rating, even the most highly
mode-suppressed configuration (CANC4) provides only marginally acceptable ride quality at the pilot
station. It should be noted that these ratings were provided during tasks performed with mild turbulence,
and that the ride quality acceptability will probably degrade with increasing turbulence level. Figure 18
provides a subjective basis for the judgment of an acceptable level of mode suppression from a pilot’s
ride quality perspective. In this experiment, the damping level of 0.3 was based on the average ride
quality rating.

Control Influence Ratings Versus Pilot Preference

Figure 19 provides an analogous ranking to figure 18 in terms of the CIR instead of RQR. The sub-
jective description of the control influence rating assigned by the pilots is shown adjacent to the control
influence axis, along with graduations to indicate the transition from acceptable to marginal to unaccept-
able configuration characteristics. The unacceptable threshold was placed at the point where cockpit
vibrations impact the precision of voluntary control inputs. On the basis of the average control influence
ratings, the first four configurations (QSAE(Q, CANC4, CANC3, and DAMPS) again lie within the acceptable
region. On the basis of the maximum rating, the most highly mode-suppressed configuration (CANC4)
again lies in the marginally acceptable region from a control influence perspective.

The border between acceptable and marginal control influence in this plot is somewhat arbitrary as it
might be perfectly acceptable for the pilots to intentionally modify their control inputs to avoid excitation
of the dynamic elastic modes as long as their ability to precisely control the aircraft is in no way hindered
by this practice. However, recorded time histories of pilot stick deflections indicate that pilots were
sometimes unaware that cockpit vibrations were in fact impacting their control inputs.

The potential for involuntary biodynamic feed-through of cockpit vibrations through the pilot’s arm
and back into the control inceptor due to aeroelastic effects of a supersonic transport was hypothesized in
reference 12. The occurrence is involuntary and therefore may indeed be unnoticed by the pilot in minor
instances. Use of the CIR scale shown in figure 19 requires the pilot to be aware of the occurrence, and
therefore the CIRs may sometimes be optimistic. However, pilots did note a number of profound in-
stances of frequent or sustained biodynamic feed-through of cockpit vibrations back into the control
inceptor as indicated by the maximum CIRs shown in the figure. Frequent or sustained biodynamic feed-
through of cockpit vibrations through the pilot’s arm and back into the inceptor will be referred to as
“biodynamic coupling” (BDC) in this report.

Biodynamic Coupling

Figure 20 presents a power spectral analysis of a lateral offset landing run in which the pilot experi-
enced BDC while flying the STIF1 (modified baseline) configuration with no additional damping or
cancellation. The time history at the top of the figure shows lateral cockpit accelerations in g units
(dashed line) and lateral stick deflections (solid line). Although the units on the two quantities differ, the
scaling of +1 is convenient as it represents the maximum throw for lateral stick deflection and since
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lateral acceleration commanded by the simulation remained in the range of £1g. The plot in the lower left
of the figure shows the power spectral density of lateral accelerations (dashed) and lateral stick deflec-
tions (solid) applied to a 6-s segment of the time history (from 39 to 45 s). The frequency spectrum of the
pilot’s voluntary control input time history during this period lies primarily below 1 Hz. The frequency
spectrum of the lateral accelerations at the pilot station shows some content at the first antisymmetric
mode frequency of 1.6 Hz and the second antisymmetric mode frequency of 2.5 Hz due to minor turbu-
lence excitation of these structural modes. A clear separation exists between the frequency of the pilot’s
mput spectrum and the frequency of cockpit accelerations due to the lateral elastic modes.

The power spectrum of a later 6-s segment of the time history (from 44 to 50 s) indicates the bulk of
the pilot’s input spectrum remains below 1 Hz, but it also shows some frequency content of the pilot’s
inputs in the range of the lateral elastic modes. Once the pilot begins to move the stick at the resonant
frequency of the first antisymmetric structural mode, there is tremendous potential for the lateral mode to
be excited by the control inputs and produce larger lateral accelerations at the pilot station. These lateral
accelerations can move the pilot’s frame in a fashion that produces involuntary control inputs that further
excite the structural mode.

The third power spectrum plot is applied to a 6-s segment of the time history from 47 to 53 s. Here,
the spectrum of the pilot’s stick input exhibits a pronounced resonant peak at the frequency of the first
antisymmetric structural mode. It is highly unlikely that the pilot inputs in this frequency range are
voluntary (although they are within the pilot’s voluntary bandwidth). Video footage of the cockpit inte-
rior and of the pilot’s hand on the sidestick depicts a strong correlation between the involuntary motions
of the pilot’s upper body with the motions of his hand on the stick. A clear change in the character of the
pilot’s stick inputs is apparent in the time history shown in figure 20 and indicates a well-developed BDC
incident as lateral accelerations feed through the pilot’s frame and back into the control inceptor. The
pilot would break the involuntary coupling loop if he released the stick, but he is in the midst of the flare
and therefore unable to do so.

This type of adverse interaction between pilot and aircraft dynamics is not entirely unprecedented. A
recent investigation performed at the Dryden Flight Research Center identified a similar phenomenon
involving the use of a sidestick control inceptor (ref. 13) in the F-16XL that resulted in roll ratcheting
during abrupt high-rate rolling maneuvers. Reference 14 documents these findings. Researchers pro-
duced an analytical model of the coupled system including dynamics of the pilot’s frame and the control
inceptor. The dynamic responses appeared quite similar to those encountered during the incidents of
lateral BDC in the LaRC.3 experiment. The Dryden researchers in reference 14 identified a lateral reso-
nant frequency of approximately 2.1 Hz for their combined pilot and control inceptor dynamical system
(ref. 13).

Three of the six test pilots encountered BDC during various portions of the experiment. The phe-
nomenon was usually encountered when test pilots flew the HSCT with no active suppression of the
lateral structural modes. Encounters with BDC severely degraded the pilot’s ability to control the aircraft,
and sometimes resulted in termination of a run due to loss of control or uncomfortably high levels of
cockpit vibration. Examples of BDC incidents for pilots B, E, and C are shown in figure 21. Power
spectra of the pilot stick inputs for each case indicate a resonant peak at the frequency of the first anti-
symmetric elastic mode. Pilots B and E experienced BDC on many occasions and with many different
configurations. Pilot C tended to experience less pronounced intermittent instances of biodynamic feed-
through. Note that pilot C experienced coupling with the STIF3 configuration, which has its first anti-
symmetric mode at a higher frequency than the STIF1 baseline (2.2 Hz instead of 1.6 Hz).
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The time histories shown for pilots B and E in figure 21 are for the DAMPY configuration, which actu-
ally applies 0.3 damping to the symmetric modes but leaves the antisymmetric modes undamped. The
presence of significant damping for symmetric modes did little to prevent the coupling because the lateral
axis is far more prone to BDC for a number of reasons.

First, the pilot’s seat tends to support the body longitudinally and vertically but not laterally; thus side-
to-side accelerations are more difficult to resist. Symmetric modes produce vertical accelerations,
whereas the stick input is fore and aft; therefore there is less tendency for the pilot’s body motions to feed
directly into the stick. However, antisymmetric modes produce lateral accelerations that feed directly into
lateral stick deflections. A sidestick control inceptor was used in this experiment. The susceptibility of
various inceptor types to biodynamic feed-through is a potential topic for future investigations. Certain
measures to prevent BDC may be devised and incorporated during design of the control inceptor for the
HSCT.

Another element of the control system implicated in the occurrence of BDC is the aileron-rudder inter-
connect (ARI). This is the control path whereby lateral stick displacements produce rudder deflections in
proportion to aileron deflections to achieve turn coordination. But it is also the path whereby lateral
cockpit vibrations may feed directly through the pilot-inceptor dynamics and back into rudder deflections;
lateral elastic modes are further excited. Some provision may possibly be included in the design of the
ARI to interrupt or prevent BDC.

To summarize, BDC is indicated when cockpit vibrations due to elastic modes feed directly through
the pilot’s arm and back into the control stick. The phenomenon is evidenced by a resonant peak in the
power spectrum of the pilot’s stick inputs at the frequency of one of the dynamic elastic modes. The
tendency to couple with structural modes appears to increase when pilots tighten their grip on the stick,
often in preparation for the flare as the aircraft nears the runway. The phenomenon is influenced by
design of the control inceptor and control laws, piloting style, and probably even certain aspects of the
pilot’s physical stature.

The potential hazard posed by BDC would seem to suggest that certain elements of the HSCT active
mode suppression control system, or at least some provision in the basic SCAS to prevent BDC, will need
to be designated as flight critical. However, a final judgment regarding this issue should be made on the
basis of evaluations performed with a high-fidelity dynamic aeroelastic model of the final aircraft con-
figuration. The severity of the coupling sometimes observed indicates that some provision must be made
to ensure that BDC is never encountered during either normal or reversionary operation of the HSCT
flight control system.

Configuration Ranking Based on Cooper-Harper Ratings

A configuration ranking similar to that shown in table 9 was produced with CHRs of the pilots instead
of DASE ratings. The resulting configuration ranking is shown in table 10 along with the configuration
ranking that was produced with the DASE scores. The overall ranking is similar, but the scores were
much closer and there were a few ties. The outlined sections of the table indicate groupings of configura-
tions that were ranked similarly. The CHR scale was not specifically designed to target DASE effects,
but rather address overall control of the augmented flight dynamics provided by the SCAS. The DASE
effects impacted CHRs from the perspective of increased pilot workload due to vibration environment,
but the impact of DASE on pilot inputs and ride quality is not explicitly called out. Nevertheless, the
results shown in table 10 indicate that good agreement exists between the two ranking methods in terms
of general pilot preference for the various configurations. The summaries of all DASE ratings and the
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summary of all CHRs shown in tables 6, 7, and 8 provide additional information regarding the pilots’
ratings, such as whether a configuration was ranked poorly in the lateral-directional axis, or in the longi-
tudinal axis, or in both.

Impact of Structural Stiffening

Variation of average RQR and CIR with increasing structural stiffness is shown in figures 22 and 23.
Maximum and minimum ratings for these configurations are also indicated on the plots. Structural stiff-
ening did not appear to provide an effective solution to ride quality or control influence concerns posed
by dynamic aeroelastic effects. The average and maximum CIR and RQR metrics fell in the unacceptable
region for all structural stiffenings included in the experiment.

These findings are somewhat corroborated by results of the aforementioned investigation performed at
Dryden Flight Research Center addressing biomechanically induced oscillations experienced on the
F-16XL aircraft during rolling maneuvers (ref. 13). The Dryden researchers identified a lateral resonant
frequency of approximately 2.1 Hz for their combined pilot and control inceptor dynamical system. We
must assume that the LaRC.3 pilot and inceptor dynamical system possessed a resonant frequency in this
same vicinity as figure 21 indicated lateral resonances at approximately 1.6 and 2.2 Hz for the LaRC.3
pilots. No stiffness variation examined in the LaRC.3 experiment was sufficiently high to remove all
structural dynamics from this resonant frequency range. It is likely that no stiffnesses received favorable
ratings because none were sufficient to raise the elastic dynamic frequencies beyond the region in which
they tend to interfere with piloted flight. The ineffectiveness of increasing the frequencies of dynamic
elastic modes through structural stiffening suggests that some form of active mode suppression control
will be necessary.

The variation of CHRs with structural stiffening is shown in figure 24. Again, no significant
improvement is apparent as a result of increasing modal frequencies through added stiffness. Each
configuration received maximum CHRs that were in the Level 3 region.

Impact of Display Compensation

No significant improvement due to aeroelastic display compensation was observed in this experiment
in any pilot rating. To represent an ideally compensated display, the aeroelastic perturbations in the out-
the-window scene produced by structural flexing were turned off. The conformality of the horizons on
the HUD and the outside visual scene was thereby restored for the display-compensated configuration
(DIsP0). Table 11 shows the results for the configuration with display perturbations turned off and the
analogous configuration with display perturbations turned on. In no instance did the pilot consistently
report that the display compensation case improved the precision or ease with which maneuver tasks were
performed. In most cases, the pilots did not indicate awareness that the configuration being evaluated was
the display-compensated case. (Recall that the configurations were evaluated in random order and that
pilots were not informed which condition was being evaluated.)

Although the display-compensated configuration was ranked slightly better than its counterpart with-
out display compensation in terms of pilot preference, the difference in the DASE rating upon which this
ranking was based is only 1 point (129 versus 130). This difference was clearly within the margin of
error for the experiment, and pilot preference for the two configurations was a tie for all intensive pur-
poses. The DAMP1 data set used only 0.07 damping for only the first two symmetric modes so that the
aeroelastic vibrations experienced by the pilot were still rather vigorous. The increased workload result-
ing from aeroelastic vibrations likely meant that there was simply too much going on for pilots to notice
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the effect of the display compensation and that the compensation provided no significant benefit for the
aeroelastically active configuration.

Impact of Damping Level

The variations in average RQR and CIR that resulted as damping was added to the dynamic elastic
modes are shown in figures 25 and 26. The triangular symbols indicate the trend that resulted when
damping was applied only to the first symmetric (SY1) and first antisymmetric (AN1) modes. The
square symbols indicate the trend that resulted when damping was applied to the SY1, SY2, AN1, and
AN2 modes. A clear improvement in RQRs and CIRs is apparent with increasing damping ratio. Recall
that these configurations were evaluated in random order and that the order differed for each pilot; in no
instance did a pilot experience a monotonic increase or decrease in damping. The figures also suggest
that some additional improvement in ride quality resulted from damping the first four modes instead of
only the first two. This difference is probably due to the second antisymmetric mode, which contributes
significantly to the lateral accelerations experienced at the pilot station.

No definitive instances of biodynamic coupling were observed when the damping level applied to the
first symmetric and first antisymmetric modes was 0.15 or greater. Several instances of biodynamic feed-
through were noted for cases in which a damping ratio of 0.07 was applied to the first two and the first
four elastic modes. Although the improvement in the average ratings with increasing damping is pro-
nounced, the maximum damping level of 0.3 applied to the first four modes still produces average CIRs
and RQRs that only lie on or near the border of the acceptable region. Table 8 includes the individual
ratings awarded by each pilot for these configurations, along with the maximum, minimum, and standard
deviation for each configuration.

Impact of Cancellation

The impact of the mode-canceling control is shown in figures 27 and 28. These figures show the same
data as the previous figures with the addition of mode-canceling control methods (indicated by the dia-
mond symbols). Recall that modal cancellation in this experiment refers to the use of the canard and chin
fin together with the elevator and rudder in a fashion that permits the pilot to pitch or yaw the vehicle
without ever exciting the first symmetric or first antisymmetric modes. Therefore, the forward surfaces
are enlisted for attitude control as well as mode suppression. The multisurface attitude control inputs
must incorporate knowledge of the particular mode shapes being canceled. The modal dynamics
remained, however, and were subject to excitation by turbulence. The mode-canceling methods evaluated
in this experiment represented an ideal implementation of such a control scheme.

The use of modal cancellation in combination with damping applied to the first four dynamic elastic
modes produced very good results. The average control influence ratings with modal cancellation shown
in figure 28 were in the acceptable region for levels of damping as low as 0.07. No instances of sustained
biodynamic feed-through were observed for any of the mode-canceling control methods. This result is
probably attributable to the fact that mode-canceling control breaks the biodynamic coupling loop
because inadvertent pilot inputs due to elastic vibrations can no longer excite elastic dynamics of the
targeted modes.

The average RQRs also benefited from the use of mode-canceling control. Average RQRs for 0.15
and 0.30 damping with cancellation lie in or at the border of the acceptable region, and pilots perceived a
ride quality improvement at all levels of damping. The benefit of using the forward surfaces for attitude
control as well as damping is that it prevents the initial excitation of the structure from maneuver control
inputs. Damping by itself is effective in attenuating the response of the structure to both turbulence
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excitation and maneuver control excitation, but without cancellation the pilot still feels a large initial
bump during any abrupt maneuver because the aircraft structure initially bends and snaps back while the
vehicle pitches or yaws. In terms of the aircraft design, the use of modal cancellation suggests a need for
true multifunction canards for attitude control and mode suppression rather than diminutive ride control
vanes, which would only provide modal damping as in the B-1. The CHRs shown in figure 29 depict
much less variation with increased damping and modal cancellation than did the RQRs or CIRs.

Impact of Increasing Turbulence Level

Variation of turbulence level was the final factor examined in this experiment. For the majority of
configuration and task evaluations, an rms Dryden spectral turbulence level of 3 ft/s was used (light
turbulence). But for two configurations, the pilots also performed the nominal approach and landing task
with rms turbulence levels of 4.5 ft/s (moderate) and 6.0 ft/s (heavy). These spot evaluations of selected
configurations were intended to provide insight into the variation of configuration acceptability that could
be expected to result from increasing turbulence levels. The two configurations chosen for the turbulence
level variation were the QSAEO configuration (no dynamic aeroelastic effects) and the DAMP7 configura-
tion (0.15 damping applied to modes SY1, AN1, SY2, and AN2).

The results shown in table 12 were inconclusive regarding the impact of turbulence level on the vari-
ous pilot rating metrics. The reason for this result is uncertain, for it seems likely that increasing the
turbulence excitation amplitudes of the aircraft structure would almost certainly degrade the cockpit
acceleration environment. The cockpit environment degradation due to increasing turbulence levels may
have been perceived as insignificant in comparison with the degradation that was experienced as a result
of the other parametric variations concurrently evaluated in this experiment.

Correlation of Ride Quality Ratings With Cockpit Vibration Spectra

Figure 18 provides a subjective basis for the judgment of an acceptable level of mode suppression
from a pilot’s ride quality perspective. An attempt was made to correlate these subjective ratings of ride
quality with a quantitative characterization of the vibration environment the pilots were experiencing at
the time they provided the ratings. In this way we hoped to provide insight regarding allowable vibration
levels at the pilot station in response to maneuver excitation of the aeroelastic modes to achieve accept-
able ride quality. This analysis was performed only for the lateral offset landing task since that task
produced the greatest range of RQRs.

Measured lateral accelerations from the last 15 s of one particular run performed with the STIF2 con-
figuration are shown in figure 30. The pilot assigned this configuration an RQR of 5. This measured
cockpit acceleration time history was analyzed to produce the rms lateral vibration spectrum plot shown
in figure 31. The first and second antisymmetric mode frequencies for the STIF2 configuration are
1.89 and 2.90 Hz, as indicated in table 1. These frequencies correspond to peaks in the spectrum plot of
measured accelerations shown in figure 31.

Similar vibration spectrum plots were generated for each run of the lateral offset landing task
performed by each evaluation pilot for each configuration. These vibration spectra were then grouped
according to the RQR that a particular run was given by the pilot, regardless of the configuration. Such a
grouping is shown in figure 32. Each run shown in this figure was assigned an RQR of 5, but the runs
were produced by different pilots flying different configurations. The plot contains runs for the BASEQ
configuration as well as the STIF1, STIF2, DAMP1, DAMP2, and CANC] configurations, and any others that
were assigned an RQR of 5 by any pilot as indicated in table 8. The maximum and minimum rms accel-
erations at each frequency from the complete set of runs were then used to produce a vibration spectral
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envelope that encompasses the characteristics of all runs awarded an RQR of 5. This spectral envelope is
shown in figure 33. In this way we have attempted to characterize the range of vibration environments
the pilots in our experiment judged to have an RQR of 5.

Similar spectral envelopes were produced for time histories that were awarded RQRs from 1 to 4 as
needed. These lateral vibration spectral envelopes were then superimposed to produce the plot shown in
figure 34. The same procedure was used to produce the collection of vertical vibration spectral envelopes
shown in figure 35. The goal is to provide insight as to the acceptance by the pilots of different levels of
cockpit vibration over the range of modal frequencies that was included in this experiment. Vibration
levels for a given RQR score were higher longitudinally than laterally; this result agrees with precedents
in the literature and suggests that lateral vibration is less easily tolerated than vertical vibration.

Because the vibration spectral envelopes shown in figures 34 and 35 are based on a limited number of
evaluations with a limited number of pilots, we cannot definitively state that all future configurations with
vibration spectra penetrating the RQR 5 envelope will be awarded an RQR of 5. Also, the envelopes
overlap. Much of the RQR 4 envelope lies on top of portions of the RQR 5 envelope. However, the plots
do provide a general indication of the amount of vibration considered acceptable at the particular modal
frequencies included in the experiment. Note that these vibration levels were incurred during piloted
maneuver excitation of the dynamic elastic modes in the presence of mild turbulence. The aeroelastic
responses to control excitation during the maneuvers were the dominant factor in producing the
vibrations.

An important caveat to note is that figures 34 and 35 do not provide information in the frequency
range where there were no dynamics present in the models or in the motion cues to the pilot. The range
of motion-base fidelity for elastic responses extends from about 2.5 to 3 Hz. The drop in vibration levels
beyond 3 Hz shown in the spectral plots does not mean that pilot tolerances are extremely low at this
frequency. It is more likely a result of the diminishing response of the motion platform in this frequency
range. The plots shown in figures 34 and 35 simply indicate the range of vibration environments
experienced at the time the pilots awarded a particular RQR during this experiment. The spectral
envelopes for vertical vibrations from figure 35 are plotted with the vertical vibration standard from
reference 14 in figure 36.

Concluding Remarks

A piloted simulation experiment was conducted in the Langley Visual Motion Simulator (VMS) to
address the impact of dynamic aeroservoelastic (DASE) effects on flying qualities of the High Speed
Civil Transport. The intent of the experiment was to generate information regarding measures that can be
taken to reduce the impact of aircraft flexibility on piloting tasks. Potential solutions examined consisted
of increasing the frequency of the elastic modes, increasing the damping of various combinations of
elastic modes, eliminating control effector excitation of the lowest frequency elastic modes, and elimi-
nating visual cues associated with the elastic modes. The various configurations were evaluated by six
test pilots who performed three types of maneuvers consisting of a nominal approach and landing task, a
landing task that included a low-altitude correction for a lateral offset from the runway centerline, and a
subsonic maneuvering flight director tracking task.

During the investigation, several profound incidents of biodynamic coupling (BDC) were encountered
in which cockpit vibrations due to elastic modes fed back into the control stick through involuntary
motions of the pilot’s upper body and arm. The phenomenon is evidenced by a resonant peak in the
power spectrum of the pilot’s stick inputs at the frequency of one of the dynamic elastic modes. The
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tendency to couple with structural modes in this fashion appears to increase when pilots tighten their grip
on the stick, often in preparation for the flare as the aircraft nears the runway.

Two of the six evaluation pilots encountered pronounced BDC for aeroelastic configurations that had
little or no additional damping of the elastic modes. A third pilot experienced occasional or frequent
feed-through of vibrations back into the control stick that impacted the precision of his inputs for certain
stiffened configurations when no additional damping was present. All pilots indicated that vibrations
impacted the precision of their inputs at some point in the experiment. Pilots were far more prone to
experience adverse coupling with antisymmetric modes rather than symmetric modes. Some of the most
extreme instances of BDC occurred with the configurations in which a damping ratio of 0.3 was applied
to the symmetric modes, whereas no additional damping was applied to the antisymmetric modes. The
severity of the BDC phenomenon may have implications for control stick design and for the flight criti-
cality of an active mode suppression control system.

The results of this investigation indicate that structural stiffening and compensation of the visual
display were of little benefit in alleviating the impact of elastic dynamics on piloting tasks, whereas
increased damping and elimination of control-effector excitation of the lowest frequency modes both
offered great improvements when applied in sufficient degree. Structural stiffening did not provide
effective relief from BDC for the two pilots who appeared most prone to this type of interaction. Damp-
ing levels of 0.15 applied to the first symmetric and first antisymmetric modes appeared sufficient to
prevent BDC. When damping levels of 0.3 were applied to the first two symmetric and first two anti-
symmetric modes, average pilot ratings indicated that a borderline-acceptable configuration was achieved.
With the addition of mode-canceling control, in which control effector excitation of the first symmetric
and first antisymmetric modes was eliminated, the average pilot ratings indicate that an acceptable con-
figuration was achieved.
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Table 1. Modal Frequencies for Stiffened Configuration

i Stiffness Ist frequency, 2d frequency, 3d frequency,

Config Frequency | Stiffness increase, Hz Hz Hz

ratio ratio

percent | gy AN SY AN SY AN
BASE(Q 1.00 1.00 0 1.25 1.39 2.01 2.13 2.70 2.82
STIF1 1.16 1.35 35 1.45 1.61 2.33 2.47 3.13 3.27
STIF2 1.36 1.85 85 1.70 1.89 2.73 2.90 3.67 3.84
STIF3 1.60 2.56 156 2.00 2.22 3.22 3.41 4.32 4.51

Table 2. Damping Levels and Targeted Modes for Damped Configurations

Config Damping ratio Modes damped
STIF1 Nominal None
DAMPI 0.07 SY1, AN1
DAMP2 0.15 SY1, AN1
DAMP3 0.30 SY1, AN1
DAMP4 0.30 SY1
DAMPS 0.30 AN1
DAMP6 0.07 SY1, SY2, AN1, AN2
DAMP7 0.15 SY1, SY2, AN1, AN2
DAMPS 0.30 SY1, SY2, AN1, AN2
DAMP9 0.30 SY1, SY2
DAMPI10 0.30 ANI1, AN2

Table 3. Description of Modal-Cancellation Portion of Test Matrix

Config Modes canceled Darnpmg ratio of
remaining modes
STIFI None None
CANCI1 SY1, AN1 None
CANC2 SY1, AN1 0.07
CANC3 SY1, AN1 0.15
CANC4 SY1, ANI 0.30
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Table 4. Parametric Configurations Used in LaRC.3 Simulation Experiment

Modification Config Label Description
None 1 QSAE( Dynamic aeroelastic effects turned off
2 BASE( Baseline dynamic aeroservoelastic configuration
Display
filtering 3 DISPO DAMP1 with CGI DASE perturbations relative to HUD turned off
Structural 4 STIF1” First mode increased to 1.45 Hz; all others by same frequency ratio
stiffening 5 STIF2 First mode increased to 1.80 Hz; all others by same frequency ratio
6 STIF3 First mode increased to 2.00 Hz; all others by same frequency ratio
Modal 7 DAMP1 Modal damping increased to 0.07 for modes SY1 and AN1
damping 8 DAMP2 Modal damping increased to 0.15 for modes SY1 and AN1
9 DAMP3 Modal damping increased to 0.30 for modes SY1 and AN1
10 DAMP4 Modal damping increased to 0.30 for mode SY1
11 DAMP5 Modal damping increased to 0.30 for mode AN1
12 DAMP6 Modal damping increased to 0.07 for modes SY1, AN1, SY2, and AN2
13 DAMP7 Modal damping increased to 0.15 for modes SY1, AN1, SY2, and AN2
14 DAMPS Modal damping increased to 0.30 for modes SY1, AN1, SY2, and AN2
15 DAMP9 Modal damping increased to 0.30 for modes SY1 and SY2
16 DAMP10 | Modal damping increased to 0.30 for modes AN1 and AN2
Modal 17 CANCI Modes SY1 and ANI control excitation eliminated
cancellation 18 CANC2 Modes SY1 and AN1 control excitation eliminated; remaining modes
damped to 0.07
19 CANC3 Modes SY1 and ANI control excitation eliminated; remaining modes
damped to 0.15
20 CANC4 Modes SY1 and ANI control excitation eliminated; remaining modes
damped to 0.30
Turbulence 21 QSAE0 Moderate (o = 4.5) turbulence (nominal approach and landing only)
variation 22 QSAE0 Heavy (o = 6.0) turbulence (nominal approach and landing only)
23 DAMP7 Moderate (o = 4.5) turbulence (nominal approach and landing only)
24 DAMP7 Heavy (o = 6.0) turbulence (nominal approach and landing only)
“Modified baseline.
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Table 5. Randomized Order of Configuration Evaluations

Order of evaluation by—
Config
Pilot A Pilot B Pilot C Pilot D Pilot E Pilot F
1 20 6 10 6 9 14
2 3 4 18 18 6 4
3 15 5 20 16 10 6
4 8 15 6 19 1 18
5 16 13 16 4 14 1
6 5 10 2 14 3 12
7 12 16 14 11 12 19
8 11 7 15 15 11 17
9 6 2 19 7 7 10
10 21 9 9 10 15 5
11 9 11 13 8 13 2
12 4 3 4 17 20 8
13 18 19 11 9 18 13
14 13 14 3 1 16 9
15 10 1 7 20 17 16
16 14 17 17 2 8 7
17 22 12 8 12 2 15
18 7 20 12 13 19 20
19 2 18 1 3 5 11
20 17 8 5 5 4 3
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Table 6. CHRs Assigned by Test Pilots to Task Segment 1 for Each Configuration and Maneuver Task

Longitudinal rating

Lateral-directional rating

Task
Config IE]L; Task name Rating by pilot Rating by pilot
A C|D|E|F|Max |Avg| o |A|B|C|D|E|F|Max|Avg| o

| 1001 | Nominal landing |3 [2[3|3([2]4 4 (2810751313313 ]2|4] 4 |3.0]0.63
SAEQ 2001 | Offset landing 314(3]1314(4 4 [35]10551314131314]5 51371082
Q 3001 | Director tracking (3 [2[3 |33 |4 4 [3.0]10631313]1314)|3|4] 4 [33]052
) 1002 | Nominal landing |4 |3 [8]3 3|5 8 | 4311971413833 ]|7 8 147225
BASEQ 2002 | Offset landing 41411014155 10 |[53]234]4]|6(10]5]|5(7| 10 |6.2]2.14
3002 | Director tracking [4 [ 75|55 5 7 [52]1098]5]|8]|5|6|5]7 8 160|126
3 1003 | Nominal landing [3[2[3[3[3]6 6 | 33113713123 ]3]3]|6 6 |33]137
DISPO 2003 | Offset landing 314(5]14]5](6 6 | 4511.05|1314(4]|5]|5(7| 7 |47 ]|137
3003 | Director tracking [3 (3|4 (|4 (|4]5 5138107514 13(4]5]4]|6 6 |43]1.03
4 1004 | Nominal landing |3 [3[4[4[3]6 6 |3.8]1.17]1313(4]4]3]|6 6 |38]1.17
STTFI 2004 | Offset landing 3|15(6]6]5](6 6 | 5211171376657 7 |57]|1.51
3004 | Director tracking [ 5 (5[4 (|54 5 5 1471052|15]15(4]6]4](7 7 (52(1.17
5 1005 | Nominal landing |3 |33 ]335 51337108213 12(3|3]|3|7| 7 |35]|176
STTF? 2005 | Offset landing 313(6]5]5](5 6 | 4511221325657 7 |47]|186
3005 | Director tracking [ 3 [3 4|4 (|4]5 5138107514 ]|6(5]|6]4]|7 7 [53]1.21
6 1006 | Nominal landing |3 (3[4 ([3([2]4 4 [3210751312]1413]2]6 6 |33]|1.51
STIF3 2006 | Offset landing 314(6]6]5(4 6 |47 11.2113]|6(8]|7]|5(8 8162|194
3006 | Director tracking [4 (5[4 ([5(5]5 514710521417 (6]|7]|5|7 7 [6.0]1.26
7 1007 | Nominal landing |3 |2(3]4|3(5 5133711031313 (3]3]3]5 51331082
DAMP1 2007 | Offset landing 314(4]6]5]|5 6 |45]11.0513]13[4]4]|5]|6 6 |42 |1.17
3007 | Director tracking [ 3 (3|3 |4 (|4]5 513710821413 [4]5]4]|6 6 |43]1.03
3 1008 | Nominal landing |3 [2[3[3[3[4 4 [3.0]0631312]13]13]3]6 6 |33]137
DAMP? 2008 | Offset landing 312(5]1415(4 5138111713 12(5]4]5]|6 6 |42 |147
3008 | Director tracking [4 |23 |43 ] 4 4 [33]1082)1412]14|5|3]5 5138|117
9 1009 | Nominal landing |3 [2[3[3(|2]4 4 (2810751313313 ]2|4] 4 |3.0]0.63
DAMP3 2009 | Offset landing 314414145 5 1401063|3]|3(4]4]|5](5 5 14.010.89
3009 | Director tracking [ 3 [3 3|7 (3[4 7 3816014133545 5 14.010.89
10 1010 | Nominal landing |3 |33 ]3]2(5 5132109813 13(3]3]2(7| 7 |35]|176
DAMPA 2010 | Offset landing 31351465 6 |43 12114651467 7 |53]|1.21
3010 | Director tracking (3 [3 4|3 (|44 4 [35]105514|5]|514|5]7 7 [5.0]1.10
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Table 6. Concluded

Longitudinal rating

Lateral-directional rating

Task
Config IE]L; Task name Rating by pilot Rating by pilot
A|B|C|D|E|F|Max |Avg| o |A|B|C|D|E|F|Max|Avg| ©
1 1011 | Nominal landing |3 |23 [4 |3 7] 7 |37 |1.75(3(2|3(3([3]|4] 4 |3.0]0.63
DAMPS 2011 | Offset landing 313514157 7 [45])1.52(3[3|4|4]|5|6| 6 |42]1.17
3011 | Director tracking [ 3 [2| 4|4 |4]|6| 6 |3.8[1.33]13|3|3|5[4|6]|] 6 |40](1.26
12 1012 | Nominal landing [ 3|3 3[4 (|35 5 |35(0843|2|3|3|3|5|] 5 |32(098
DAMPG 2012 | Offset landing 31351455 5 420983 (25457 7 |43]|175
3012 | Director tracking [ 3 [ 2|3 |44 |5 5 |35(1.0514|3|4|4|4|7| 7 |43][1.37
13 1013 | Nominal landing [ 3|23 |3 |24 4 |28 (0.7513|2|3|3|2]|4]| 4 |28[075
DAMP7 2013 | Offset landing 314(4]13]15(5] 5 [40]1089[3([3|4[4]|5|5| 5 |4.0]0.89
3013 | Director tracking | 3|3 |3 14|4|4]| 4 35105514 (514545 5 451055
14 1014 | Nominal landing |3 |23 [3 (|24 4 |28 (0.7513|2|3|3|2]|4| 4 |28(075
DAMPS 2014 | Offset landing 313(4]514(5] 5 [40]089[3([3|4[5]4|5| 5 |4.0]0.89
3014 | Director tracking [ 3 [ 3|3 |4 (|45 5 |3.7(082]14|3|3|5[4|5| 5 |40](0.89
15 1015 | Nominal landing |3 |3 | 6|63 [4] 6 |42 |1.47(3|5]|5|6|4|7| 7 |50]|141
DAMPY 2015 | Offset landing 315(6]|5]|6(4] 6 |48 |1.17(3(7|6|6|77| 7 |6.0]1.55
3015 | Director tracking [ 3 [3 |3 4|4 4| 4 |3.5(05514|714|7|4]|6] 7 [53][1.51
16 1016 | Nominal landing [ 3|34 ([3 |35 5 |35(084|3|2|4|3|3|4]| 4 |32[075
DAMPLO 2016 | Offset landing 31451657 7 [50]1.41(3[5]4[4]|5|5| 5 |43]082
3016 | Director tracking [ 3 [3 |4 [5|4|5| 5 |40(|089|4]|6]|4]|4]|3]|5] 6 |43[1.03
17 1017 | Nominal landing [ 3|23 [4 (|35 5 |33 (103323337 7 |35](176
cancl 2017 | Offset landing 314(6]1414[5] 6 [43]11.03[3[3|5[5]4|7| 7 |45]|152
3017 | Director tracking [ 3 [ 24334 4 |3.2(07514|3|4|3[3]|7]| 7 |40](1.55
13 1018 | Nominal landing |3 |23 [3 (|24 4 |28 (0.75(3|2|3|3|2]|4]| 4 |28(0.75
CANC? 2018 | Offset landing 313(414]5(5] 5 (4010893 ([2145]4|5| 5 |38]1.17
3018 | Director tracking [ 3 [ 23 [3 3|5 5 |3.2(098]3|3|3|4|3|5|] 5 |35(084
19 1019 | Nominal landing |3 | 1|3 [3]2|4] 4 |27 |1.03[{3|1|3([3([2]4] 4 |27]|1.03
CANC3 2019 | Offset landing 312(41414(5] 5 |37]1.03[{3([2]4(4[4]|5] 5 |3.7]1.03
3019 | Director tracking [ 3 [ 23 3|34 4 |3.0([0.6314]2]|3|4[3]|5] 5 |35](1.05
20 1020 | Nominal landing |3 |23 [3[2[4| 4 |28(0.75(3|2|3|3|2]|4| 4 |28(075
CANCA 2020 | Offset landing 31241354 5 [35]1.05(3(2]4([3[4]|5]|] 5 |35]1.05
3020 | Director tracking [ 3 (234 (34| 4 |3.2(07513|3]|3|5[3]6] 5 |38(1.03
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Table 7. CHRs Assigned by Test Pilots to Task Segment 2 for Each Configuration and Maneuver Task

Longitudinal rating

Lateral-directional rating

Config TIa]L;k Task name Rating by pilot Rating by pilot
A|B|C|D|E|F|Max |Avg| o |A|B|C|D|E|F|Max|Avg| ©
1 1001 | Nominal landing | 4|4 |3 |5]|3]|5 5140108914133 3]3|3] 4 ]32]041
OSAEO | 2001 | Offset landing 3(414]|5(4]5 5 1421075131434 ]4|5] 5 |38|0.75
2 1002 | Nominal landing | 5|4 |8|5|4]|5 8 |52 1147141384147 8 |50/(2.00
BASE(O | 2002 | Offset landing 5(6]1015(5]5] 10 | 6.0[2.0014[6]10]6[5]|7] 10 | 63 ]2.07
3 1003 | Nominal landing [3|3|4]|6]|5]6 6 |45|138|1314|3[4]|5|6]| 6 |42(1.17
DISPO | 2003 | Offset landing 5(4]15]16([5]6 6 |5210751414|4]6]|5(7] 7 |50(1.26
4 1004 | Nominal landing [ 5|5 5|7 ([5]6 7 1551084141314 14|5]7 7 |45 |1.67
STIF1 2004 | Offset landing 671617516 7 [62]07514[7]|8]6[5]|7]|] 8 |62]|122
5 1005 | Nominal landing |4 |4|4|6|4]|5 6 145108414 1234147 7 |40](1.67
STIF2 | 2005 | Offset landing 5(5]16|5(6]5 6 | 5310411455757 7 |55](1.22
6 1006 | Nominal landing | 5|4 |5]|5|3]|5 5145108414 13|5]5]|3|6] 6 |43]|121
STIF3 | 2006 | Offset landing 5(71617|5]5 7 |58]098[4]6|8[6]5]|8] 8 [62]1.6
7 1007 | Nominal landing | 5|43 |6]|5]|5 6 |4711.0314133[3]|4|5] 537082
DAMPI 2007 | Offset landing 5(5]15]6|5]5 6 |52104114144]4]|5|5] 5 |43(052
8 1008 | Nominal landing | 4|4 |3 |4|4]|5 5140106314233 ]|4|6]| 6 |37(137
DAMP2 | 2008 | Offset landing 5(415]15(5]5 5 1481041141254 ]|5|6]| 6|43 (137
9 1009 | Nominal landing | 4|3 |4|6]|3]|5 6 |42 11714133434 4 |35/055
DAMP3 | 2009 | Offset landing 5(61517(4]5 7 |531.03[{4]|3|5[4]|5[4] 5 |42]0.75
10 1010 | Nominal landing | 5|4 |5|5]|5]|5 5 1481041141485 ]|5(7] 8 |55(1.04
DAMP4 | 2010 | Offset landing 5(515]15(|6]5 6 |521041|15]7|8|5]|6|7] 8 |63]|121
11 1011 | Nominal landing | 5|4 4|54 7| 7 |48 11714123444 4 |35(084
DAMPS5 | 2011 | Offset landing 5041515517 7 [52(098]4(3]14]4[5]6| 6 |43]1.03
12 1012 | Nominal landing | 4|54 |6]|5]|5 6 |48 107514133555 5 |42(098
DAMP6 | 2012 | Offset landing 5(515]15(5]5 5 15010001414|5][5]|5(7] 7 |50](1.10
13 1013 | Nominal landing |4 |4|4|4|5]|5 5 1431052141343 ]|5|4] 5 |38|0.75
DAMP7 | 2013 | Offset landing 41514|5]|5]5 5 14710521413|5]5]|5(4] 5 |43(0.82
14 1014 | Nominal landing |3 |33 |5]|3|5 5 13711.0313]12|3[4]3|2] 4 |28|0.75
DAMPS | 2014 | Offset landing 4141416|4]5 6 145108414 14|4]5]14|5] 5 |43(052
15 1015 | Nominal landing |4 |4 6| 6|45 6 1481098145585 7] 8 |57]|L51
DAMPY9 | 2015 | Offset landing 418]16|5]6]5 8 | 5711371476677 7 ]|62|1.17
16 1016 | Nominal landing |4 |3|5]|6]|5]|5 6 |4711.0313]12|4]|5]4|4] 5 |3.7/[1.03
DAMPI0 | 2016 | Offset landing 5(e]1716(5]17] 7 |60]089]4[5]4]5[5]|5] 5 |47]0.52
17 1017 | Nominal landing |4 |3 |4 |5|4]|5 5 1421075141333 ]4|7] 7 |40/[1.55
CANC1 2017 | Offset landing 5(516|5(4]5 6 |50]063|5]14|5][5]14|7] 7 |50](1.10
18 1018 | Nominal landing |4 |4|4|5|3|5 5142107514 1213|5]3|5] 537|121
CANC2 | 2018 | Offset landing 5(414]6|5]5 6 |48 107514134545 5 |42|0.75
19 1019 | Nominal landing | 3|23 |3 |35 5 132109813]1213[3]3|4] 4 |3.0/0.63
CANC3 | 2019 | Offset landing 5(214]15(4]5 5 14211171412 |4]5]14|5] 5 |40(1.10
20 1020 | Nominal landing | 3|43 |5]|3|5 513810981313 (3[4]3(4] 4 |33(052
CANC4 | 2020 | Offset landing 5(414]15(5]5 514710521412 |3[4]4(4] 4 |35(084
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Table 8.

CIRs and RQRs Provided by Test Pilots for Each Configuration and Maneuver Task

CIR RQR
Task . . . .
Config D Task name Rating by pilot Rating by pilot
A|B|C|D|E|F|Max |Avg| o |A|B|C|D|E|F|Max|Avg| ©
| 1001 | Nominal landing [ 1 {1 1|{1|{1]1| 1 1.0 |0 2121112111 2 [15]055
SAEQ 2001 | Offset landing rprfrypryrfr] 1 1.0 |0 2110112111 2 |(13]052
Q 3001 | Director tracking [ 1 [ 1|1 {1|{1]1| 1 1.0 |0 rjp2f{tp2)1t] 2 (131052
) 1002 | Nominal landing [ 3 [ 25333 5 |32(098|5|5|5|4|4]|5| 5 |47(052
BASEQ 2002 | Offset landing 312(6]314(3] 6 |35]|138[5[5]6[4[5]|5] 6 |50]0.63
3002 | Director tracking [ 3 [ 2| 5|4 (|43 5 | 35105555555 5 |50]|0
3 1003 | Nominal landing [ 2 [ 23|23 3| 3 | 25055535445 5 |43(082
DISPO 2003 | Offset landing 21213131313 3 [271052]5]4[5]14]14]|5] 5 [45]055
3003 | Director tracking [ 2 (2|34 |3 3| 4 |28 (0.7514|5|5|5(4|5| 5 |47(052
4 1004 | Nominal landing |3 [ 2[4 ([3[4[3| 4 |32 [0.75|5|5|5|5|5]|5] 5 |50(0
STTFI 2004 | Offset landing 3141413143 4 |35]1055[5[5]5[5[5]5| 5 |50]0
3004 | Director tracking [ 3 [2 33|43 4 |3.0[0.63|5]|5]|5|4|5]|5] 5 |[4.8](0.41
5 1005 | Nominal landing [ 2 [ 24|33 [3| 4 |28 (0.75(4|4|5|4|4]|5| 5 |43(052
STTF? 2005 | Offset landing 21215141413 5 331211455555 5 |48]041
3005 | Director tracking [ 1 (25|44 3| 5 |32 |14714|5]|5]|5]|5]|5] 5 [4.8(0.41
6 1006 | Nominal landing [ 3|34 ([3[2|2| 4 |28(0.75|5|4|5|4|3|4| 5 |42[075
STIF3 2006 | Offset landing 21315131313 5 [32]098]5]|5(5]5]4(5| 5 |48]0.41
3006 | Director tracking [ 3 (2| 5|4 (43| 5 |35([1.05|5]|5]|5|5[5]|5] 5 |50]|0
7 1007 | Nominal landing |3 [ 22|33 [2| 3 |25(055|5|4|4|3|4|5| 5 |42[075
DAMP1 2007 | Offset landing 3121313133 3 [28]0415(4|5[4]|5|5| 5 |47]052
3007 | Director tracking [ 2 (23 (3|33 3 |27 |052]14|5]|5|5|5]|5] 5 |[4.8](0.41
3 1008 | Nominal landing [ 2 [ 22|23 [2| 3 |22 (041|4|3|4|3|4]|4]| 4 |3.7(052
DAMP? 2008 | Offset landing 212013121312 3 [23]052]13]4(5]|3]|5(4| 5 |4.0]0.89
3008 | Director tracking [ 2 (23232 3 |23 [052]4]|5]|5|4|5]14]| 5 |45](055
9 1009 | Nominal landing [ 1 {11222 2 | 15(055(3 23323 3 |27](0.52
DAMP3 2009 | Offset landing 112121312 (12] 3 [20]063|3|3(4]|5]33| 5 |35]084
3009 | Director tracking [ 1|2 1|3|2]|2] 3 1.8 075333533 5 |33(0.82
10 1010 | Nominal landing [ 3 [ 2523 3| 5 |3.0(1.1 [5|4]|5|3|5]|5] 5 |45(084
DAMPA 2010 | Offset landing 312512143 5 32117555355 5 |47]082
3010 | Director tracking [ 2 [ 2| 5|33 3| 5 |3.0(1.1 [4]|5]|5]|5|4|5| 5 |47][052
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Table 8. Concluded

CIR RQR
Task . . . .
Config D Task name Rating by pilot Rating by pilot
A|B|C|D|E|F|Max |Avg| o |A|B|C|D|E|F|Max|Avg| ©
1 1011 | Nominal landing [ 3|24 ([2|3 3| 4 |28 [0.75|5|4|5|4|5]|5| 5 |47(052
DAMPS 2011 | Offset landing 3121412133 4 28075545355 5 |45]084
3011 | Director tracking [ 2 [ 23233 3 |25(055(4|4|5|5|5|5| 5 |47][052
12 1012 | Nominal landing |3 [3 2|3 |32 3 |27 (052|5|5|5|4|4|4| 5 |45](055
DAMP6 2012 | Offset landing 313(41313(3] 4 32041555455 5 |48](041
3012 | Director tracking [ 2 [ 3|4 (3|3 2| 4 |28 (0.7514|5|5|5(4|5| 5 |47[052
13 1013 | Nominal landing [ 2| 1|2|1{2[2| 2 | 1.7(052(4|3|4|2|2]|3]|] 4 |3.0(0.89
DAMP7 2013 | Offset landing 21213111212 3 [(20]063]4]14(5]12]12(3| 5 [33]1.21
3013 | Director tracking [ 1 (22 (2|22 2 | 1.8|041|4|5]4|3[2]14] 5 |3.7(1.03
14 1014 | Nominal landing [ 1 {2 1|2(2[2| 2 | L7 (052322223 3 |23(0.52
DAMPS 2014 | Offset landing 112(1131212] 3 1.8[0.75(3 (22423 4 |27(082
3014 | Director tracking [ 1 | 1| 12|32 3 1.7 (082232333 3 |27](052
I5 1015 | Nominal landing |2 |3 |44 |3 |[3] 4 |32]075(5|5|5|6|5]|5] 6 |52(041
DAMPY 2015 | Offset landing 21415131413 5 [35]1.05]14]|6[5]14]|5]|5| 6 |48]0.75
3015 | Director tracking |2 (2|4 (4|32 4 |28 |098]4|5]|5|5|5]5] 5 |[4.8(0.41
16 1016 | Nominal landing [ 2 (23|33 [2| 3 |25(055(3|3|4|4|4|5| 5 |38[075
DAMPLO 2016 | Offset landing 21214131313 4 |[28]075|3|5(5]4]|5|5| 5 |45]084
3016 | Director tracking [ 1 (23 (3|32 3 |23|082|4|4]|4|4]|5]14] 5 [420.41
17 1017 | Nominal landing [ 2[4 |3 [2|2[3| 4 |27(082(4|4|5|3|3|5] 5 |4.0(0.89
cancl 2017 | Offset landing 1131413133 4 [28]098|4|5(5]|5]4(5| 5 |47]052
3017 | Director tracking [ 1 {23233 3 |23(082]4|5|5|3|4|5| 5 |43(082
13 1018 | Nominal landing [ 1| 1|3 |[2|1[1| 3 1.5(084(4 (214223 4 |28(098
CANC? 2018 | Offset landing 1jrf3j2)1f1] 3 1.5(084(4 (214233 4 |3.0(0.89
3018 | Director tracking [ 1 [ 1 [ 21|21 2 | 1.3[052]142]|3|2[3]|3]|] 4 |28(075
19 1019 | Nominal landing [ 1 {11112 2 | 12041313223 3 |23(0.82
CANC3 2019 | Offset landing Tprfr)21212] 2 (1510551413224 4 |27]1.21
3019 | Director tracking [ 1 {2 11|22 2 | 15(055]13|2|2|2|3|4| 4 |27(082
20 1020 | Nominal landing [ 1 {1 11|21 2 12041213 |2|2]|3]| 3 |22[0.75
CANCA 2020 | Offset landing rjprfryprg2ftr] 2 (12041213223 3 |22]0.75
3020 | Director tracking [ 1 (1|1 (1|21 2 |12|041|12|2]3|2|2]2] 3 |[22(0.41
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Table 9. Pilot Preference Ranking for Configuration Based on Average DASE CIR and RQR Scores

Avg

Avg

Ranking CIR | RQR Config Description
1 1.0 1.4 | OSAE0 Dynamic aeroelastic effects turned off
1.2 2.2 | CANC4 SY1 and AN1 control excitation eliminated; 0.3 damping of remaining
modes
3 1.4 2.6 | CANC3 SY1 and ANI1 control excitation eliminated; 0.15 damping of remaining
modes
4 1.4 2.6 DAMPS Modal damping increased to 0.30 for modes SY1, AN1, SY2, and AN2
5 1.7 2.9 | CANC2 SY1 and ANI1 control excitation eliminated; 0.07 damping of remaining
modes
6 1.8 3.2 | DAMP3 Modal damping increased to 0.30 for modes SY1 and AN1
7 1.8 33 DAMP7 Modal damping increased to 0.15 for modes SY1, AN1, SY2, and AN2
8 2.3 4.1 DAMP2 Modal damping increased to 0.15 for modes SY1 and AN1
9 2.6 42 | pAMP10 | Modal damping increased to 0.30 for modes AN1 and AN2
10 2.6 43 CANCI1 SY1 and ANI1 control excitation eliminated
11 2.7 45 | DISPO Configuration DAMP1 with CGI DASE perturbations relative to HUD
turned off
12 2.7 4.6 | pDAMPI Modal damping increased to 0.07 for modes SY1 and AN1
13 2.7 4.6 | DAMPS Modal damping increased to 0.30 for mode AN1
14 2.9 4.7 DAMP6 Modal damping increased to 0.07 for modes SY1, AN1, SY2, and AN2
15 3.1 4.6 | DAMP4 Modal damping increased to 0.30 for mode SY1
16 31 4.7 STIF2 First mode increased to 1.80 Hz; all others by same frequency ratio
17 3.2 4.7 STIF3 First mode increased to 2.00 Hz; all others by same frequency ratio
18 32 49 | DAMPY Modal damping increased to 0.30 for modes SY1 and SY2
19 3.2 4.9 STIFI1 First mode increased to 1.45 Hz; all others by same frequency ratio
20 34 4.9 | BASE0 Baseline dynamic aeroservoelastic configuration
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Table 10. Pilot Preference Ranking for Configuration Based on Average CHR Scores and

Ranking Based on Average DASE Scores

Ranking Preference order based Avg Preference order based Avg Avg
on CHR scores CHR on DASE scores CIR RQR
1 QSAE( 3.45 QSAE( 1.0 1.4
2 CANC4 3.48 CANC4 12 2.2
3 CANC3 3.52 CANC3 1.4 2.6
4 DAMPS 3.67 DAMPS 1.4 2.6
5 CANC2 3.70 CANC2 1.7 2.9
6 DAMP2 3.83 DAMP3 1.8 3.2
7 DAMP3 3.88 DAMP7 1.8 33
8 DAMP7 3.88 DAMP2 23 4.1
9 CANCI1 4.10 DAMP10 2.6 42
10 DAMPS 4.10 CANC1 2.6 4.3
11 DAMP1 4.12 DISPO 2.7 4.5
12 DAMP6 4.20 DAMP1 2.7 4.6
13 DISPO 4.28 DAMPS 2.7 4.6
14 DAMP10 4.33 DAMP6 2.9 4.7
15 STIF2 443 DAMP4 3.1 4.6
16 DAMP4 4.67 STIF2 3.1 4.7
17 STIF3 4.88 STIF3 32 4.7
18 STIF1 5.07 DAMP9 32 4.9
19 DAMP9 5.12 STIF1 32 4.9
20 BASEO( 5.42 BASEO( 3.4 4.9
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Table 11. Results for Configurations With and Without Display Compensation

Configuration NAME..........coeveriereerrerrereseerensersrenes DISP0“ | DAMP1®
Display compensation ..........eeevevnverrcerereserennees On Off
DASE rating SUM..........cccoveeevirierenreerere e ereereseenes 129.0 130.0
Pilot preference ranking ........ccoeveveverienncieeennns 11.0 12.0
MaAX oottt 5.0 5.0
RQR A\fg .................................................... 4.5 4.6
Mil et 3.0 3.0
SUM ..o 81.0 82.0
MaAX oottt 4.0 3.0
CIR A\fg .................................................... 2.7 2.7
Mil et 2.0 2.0
SUM ..o 48.0 48.0
MaAX oottt 7.0 6.0
CHR A\fg .................................................... 43 41
Mil et 2.0 2.0
SUM ..o 257.0 247.0

“0.07 damping applied to SY1 and ANI modes.
"DAMPI configuration without DASE display perturbations.

Table 12. Effect of Turbulence Variation on Average CHR, CIR, and RQR Values

Turbulence, CHR CIR RQR
ft/s (rms) QSAE( DAMP7 QSAE( DAMP7 QSAE( DAMP7
3.0 3.0 35 1.0 1.7 1.5 33
4.5 3.1 3.6 1.0 1.8 1.5 3.8
6.0 3.5 39 1.2 2.3 1.7 3.8
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Structural stiffening:

increase modal
Display compensation: frequencies
reduce impact of b
visual cues

Active suppression:
augment modal

S\

ERctive suppression:
mode-canceling control

Figure 1. Potential dynamic aeroelastic solutions that were examined.

— Spoiler-slot deflectors
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Flevator ‘ “ OQDQO "
3
” 1 ' Leading-edge flap

Stabilizer -

Vortex fence

{two per wing)

Trailing-edge flap
(four per wing)

Figure 2. Reference-H configuration arrangement.
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Symmetric modes In vacuo frequency, Hz Antisymmetric modes

SY AN1

1.39

L 201 213

SY3

282"

Figure 3. Mode shapes and in vacuo frequencies for baseline dynamic aeroelastic model.
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Figure 4. Migration of elastic mode poles with structural stiffness variation.
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Figure 5. Migration of dynamic elastic poles with varying damping level.
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Figure 6. Frequency response of normal acceleration at pilot station to elevator inputs for various damping modes.
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Figure 7. Migration of transfer function zeros of dynamic elastic modes with elimination of control excitation.
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Figure 8. Effect of eliminating control excitation of first symmetric and first antisymmetric modes on frequency
response to elevator inputs.
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Nominal approach and landing:
Flaps automatically reconfigure at 390 ft
Disengage autothrottles at 50 ft
Manually reduce thrust through flare

Touchdown boxes indicated on runway CGI

Centerline_

[—— 1500 ft, L 750 ft —
adequate |
500 ft, - 1000 ft —=
desired |
—1 ——
] ———
—
< — e
——
— — =
c = = L] = =
T
]
I ' 1000 ft |
Target : Threshold
touchdown :
point,

1250 ft

.
I
|

45 ft
A

Flare initiation

—~

ILS glide slope

1500 f

ILS glide-slope
runway intercept,
1000 ft

Flare and touchdown task performance criteria

X touchdown

Y touchdown

Sink rate

Heading alignment

Speed at threshold
Max ¢ below 50 ft

Desired Adequate
1000 < Xy <1500 ft 750 < X <2250 ft
|[YTp |<10ft | Yop <271t
<4 ft/s <7 1fvs
Iy <3 Yl <6°
159 * 5 knots 159 £10 knots
] <5° 9] <7°

Flare and
touchdown task
(segment 2)

ILS approach task performance criteria

ILS approach
tracking task
(segment 1)

Desired
Glide-slope error +1/2 dot
Localizer error +1/2 dot
Airspeed error 159 * 5 knots

Adequate

+1 dot
+1 dot
159 £ 10 knots

Figure 9. Task definition and performance tolerances for nominal approach and landing.



COOPER-HARPER HANDLING QUALITIES RATING SCALE

ADEQUACY FOR SELEGTED TASK OR:
REQUIRED DPERATION®

AIRCRAFET: DEMANDS ONTHE PH:OTIN PILOT
GHARACTERISTICS . SELECTED TASK OR REQUIRED OPERATION” RATING

Excellent

Highly desirable

Good

Negligible deficiencies

Fair — Some mildly
unpleasant deficiencies

Pilot compensation not a factor for o
desired performance |
Pilot compensation not a factor for

desired performance

Minimal pilot compensation required : o
for desired performance :

Minor but annoying
deficiencies

Moderately objectionable
deficiencies

Desired performance requires
moderate pilot compensation
Adequate performance requires
considerable pilot compensation

st Deficiencies
satisfactory without warrant

improvement? improvement

Very objectionable but
tolerable deficiencies

Adequate performance requires
extensive pilot compensation

0
0

Adequate performance not attainable with
maximum tolerable pilot compensation. o

Confrollability not in question

Considerable pilot compensation is
required for control

Intense pilot compensation is required e
to retain control

Major deficiencies
Is adequate

performance
attainable with a tolerable
pilot workload?

Deficiencies
require
improvement

Major deficiencies

Major deficiencies

Control will be lost during some @

Major deficiencies portion of required operation

Is e} Improvement
it confrollable? mandatory

* Definition of required operation involves designation of fiight phase
andfor subphases with accompanying condilions

Pilot decisions

DEFINITIONS FROM TND-5153

.

COMPENSATION

The measure of additional pilot effort
and attention required to maintain a
given level of performance in the face
of deficient vehicle characteristics.

HANDLING QUALITIES

Those qualities or charcteristics of an
aircraft that govern the ease and pre-
cision with which a pilot is able to
perform the tasks required in support
of an aircraft role.

MISSION

The composite of pilot-vehicle functions
that must be performed to fulfil opera-

tional requirements. May be specified for

a role, complete flight, flight phase, or
flight subphase.

PERFORMANCE

The precision of control with respect to
aircraft movement that a pilot is able to
achieve in performing a task. (Pilot
vehicle performance is a measure of
handling performance. Pilot perform-
ance is a measure of the manner or
efficiency with which a pilot moves the
principal controls in performing a task.)

ROLE
The function or purpose that defines the
primary use of an aircraft.

TASK
The actual work assigned a pilot to be
performed in completion of or as repre-
sentative of a designated flight segment.

WORKLOAD

The integrated physical and mental effort
required to perform a specified piloting task.

J
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Figure 10. Cooper-Harper flying qualities rating scale and definition of associated terminology.



DASE influence on pilot’s
control inputs

Pilot does not alter control inputs as a
result of aircraft flexibility.

DASE mfluence on
ride quality

Pilot intentionally modifies control inputs
to avoid excitation of flexible modes.

Cockpit vibrations do not impact ride
quality.

Cockpit vibrations impact precision of
voluntary control inputs.

Cockpit vibrations are perceptible but not
objectionable: no improvement necessary.

Cockpit vibrations cause occasional
involuntary control inputs.

Cockpit vibrations are mildly objectionable:
improvement desired.

Cockpit vibrations cause frequent
involuntary control inputs.

Cockpit vibrations are moderately
objectionable: improvement warranted.

Cockpit vibrations cause sustained involun-

tary control inputs or loss of control.

Cockpit vibrations are highly objectionable:
improvement required.

Cockpit vibrations cause abandonment
of task: improvement required.

Figure 11. Supplemental pilot rating scales developed to target pilot opinion of DASE effects.

Figure 12. Composite video image recorded during all piloted evaluations.
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Figure 13. External view of Langley Visual Motion Simulator.
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DASE: 1.25-2.82 Hz
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Figure 14. Frequency response of Langley Visual Motion Simulator as documented in reference 8.
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16 - Normal acceleration, commanded
- Normal acceleration, measured

N, g units
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Figure 15. Time history of commanded and actual vertical accelerations recorded during aeroelastic maneuver task.
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- Normal acceleration, commanded
- Normal acceleration, measured
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=150 ms

Figure 16. Time history of commanded and actual lateral accelerations recorded during aeroelastic maneuver task
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Average DASE ratings
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Pilot preference ranking

Figure 17. Pilot preference ranking of parametric aeroelastic configurations based on DASE ratings.
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DASE influence on ride quality ROR

Cockpit vibrations do not impact ride
quality.

Cockpit vibrations are perceptible but not
objectionable: no improvement necessary.

.

Cockpit vibrations are mildly
objectionable: improvement desired.

Cockpit vibrations are moderately
objectionable: improvement warranted.

\

Cockpit vibrations are highly
objectionable: improvement required.

Cockpit vibrations cause abandonment
of task: improvement required.

4 1 6 8 10 12 14 16 18 20
. . — Pilot preference ranking
Acceptable: no improvement necessary ] P £
[] Marginal: improvement desired/warranted Average RQR
Unacceptable: improvement required/mandatory

Figure 18. Average ride quality rating versus overall pilot preference ranking of parametric configurations.

DASE influence on pilot’s control inputs  CIR

Pilot does not alter control inputs as a
result of aircrafl flexibility.

Pilot intentionally modifies control inputs
to avoid excitation of flexible modes.

Cockpit vibrations impact precision of
voluntary control inputs.

Cockpit vibrations cause occasional
involuntary control inputs.

Cockpit vibrations cause frequent
involuntary control inputs.

Cockpit vibrations cause sustained
involuntary control inputs or loss of control.

)
Acceptable: no improvement necessary 1 ----- Pilot preference ranking —J
[ ] Marginal: improvement desired/warranted

. ) Average CIR
Unaceeptable: improvement required/maundatory

Figure 19. Average control influence rating versus overall pilot preference ranking of parametric configurations.
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Lateral stick, in., and

Power spectrum

Time history of lateral stick deflections and lateral acceleration at pilot station
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o structural modes begin to impact pilot inputs Frequency, Hz
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structural vibrations back into pilot stick inputs

Figure 20. Power-spectral analysts of biodynamic coupling incident for pilot B.
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(a) Pilot B; DAMPY configuration; CIR: 4, RQR: 6.
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(c) Pilot C; STIF3 configuration; CIR: 5, RQR: 5.
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Figure 21. Examples of biodynamic coupling incidents for pilots B, E, and C.
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Figure 26. Variation of average CIR with increasing modal damping.
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Figure 30. Measured lateral accelerations from last 15 s of one example run performed with STIF2 configuration.
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Figure 31. Lateral vibration spectrum plot for example time history.
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rms lateral acceleration, g units

1.0 1.5 2.0 2.5 3.0 35 4.0 4.5 5.0

Frequency, Hz

Figure 33. Lateral vibration spectral envelope based on maximum and minimum rms spectrum values for all runs
given RQR of 5.
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Figure 34. Lateral vibration spectral envelopes for various RQR levels.
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Figure 36. Vertical vibration spectral envelopes based on ride quality rating plotted with ISO vertical vibration

standard.
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Appendix A
Test Pilot Biographies

Pilot A

Pilot A was trained as a Naval Aviator and flew F-8s in both active and reserve duty. Pilot A flew
with a major airline for 4 years in Boeing 727 aircraft before joining NASA as an Instructor Pilot in the
Shuttle Training Aircraft; then he became a Research Pilot at a NASA Research Center. As a NASA
pilot, he has flown a number of research aircraft in addition to research simulations of other vehicles.
Pilot A holds a Bachelor of Science degree from the University of North Carolina at Chapel Hill and a
Masters in Aerospace Engineering degree from the University of Virginia. Pilot A has accumulated over
10000 flying hours in over 45 different aircraft including F-8, F-18, F-16, F-15, F-5, A-4, Boeing 727,
Boeing 737, Gulfstream II/STA, T-38, OV-10, LR-28 aircraft, and a number of general aviation types.

Pilot B

Pilot B has a Bachelor of Science degree from the University of Washington where he attended a
flight test course. Pilot B served as Engineering Test Pilot for two general aviation manufacturers and
accumulated time as a test pilot on 30 different general aviation fixed wing aircraft, before joining an
HSR program industry partner as a research project pilot. He is a graduate of a company-run flight test
school. Pilot B holds an Airline Transport Pilot Certificate with type ratings in seven transport aircraft,
and has over 16000 hours flight time, of which nearly 10000 hours have been in flight tests. Pilot B is a
certificated flight instructor in both general aviation and transport aircraft with 3000 hours of instruction
given.

Pilot C

Pilot C was trained as a Naval Aviator and graduated from the U.S. Naval Test Pilot School, Patuxent
River, Maryland. Pilot C has a Ph.D. in Hypersonic Flight Dynamics from the University of Southern
California. He is employed by an HSR program industry partner as the chief pilot for the High Speed
Civil Transport and as a project experimental test pilot in a number of aircraft programs. He holds an
Airline Transport Pilot Certificate, and has first pilot time in over 50 aircraft, including the F-14A and
several transport aircraft.

Pilot D

Information not available.

Pilot E

Information not available.

Pilot F

Pilot F served with the U.S. Marine Corps from 1953 to 1962 as a single-engine fighter-bomber pilot.
He has been a research pilot with NASA since 1962 and has accumulated more than 10000 total hours in
a wide variety of aircraft, including helicopter, VTOL, STOL, and light and heavy fixed wing aircraft. He
has an Airline Transport Pilot Certificate with type ratings in the Convair 990 and the Douglas DC-8.
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Appendix B

Flight Cards

This appendix presents the flight cards used in the LaRC.3 experiment.

Nomenclature

AGL above ground level, ft

ALT altitude

AOA angle of attack, deg

A/T autothrottle

CDhU cockpit display unit

C.G. center of gravity, percentage of mean aerodynamic chord
CHR Cooper-Harper pilot rating

Config aircraft configuration

DME distance measuring equipment (distance from runway threshold)
Dir directional

EPR exhaust pressure ratio (shorthand for throttle position)
F/D flight director

FPM feet per minute

ft/sec feet per second

GEAR landing gear position

G/S glide slope (part of instrument landing system)

GWwW gross weight

HUD head-up display

ILS instrument landing system

KEAS/m  equivalent airspeed, knots

Lat lateral
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LEF leading-edge flaps, deg

LOC localizer (part of instrument landing system)
M Mach number

MFC final cruise mass condition

MIC mitial cruise mass condition

MTE mission task element

Mmo maximum operating Mach number

M13 mass case 13: maximum taxi weight at forward C.G.
N/A not applicable

OM outer marker

PF pilot flying

PFD primary flight display

PIO pilot-induced oscillation

PNF pilot not flying

PSCAS pitch stability and control augmentation system

R constant value during run either +1 or -1
R/C rate of climb
RQR ride quality rating

RSCAS roll stability and control augmentation system

Rwy runway

TEF trailing-edge flaps, deg

TIFS total in-flight simulator

Trim indicates this parameter should be set to value required to achieve trimmed (unaccelerated)

initial conditions

VFR visual flight rules

62



Vapp
Vappl
Vapp2
Vg/a
Vmin

Vref

approach speed

approach speed, first approach segment
approach speed, second approach segment
go-around speed

minimum operating speed

reference speed

Cross
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3115 Composite Flight Director Tracking Task Date: Pilot: Exposure: Configuration:
Flight Phase MTE ‘Weather State Failures [Evaluation Segment: _ Flight Director Tracking Long CHR | Lat/Dir CHR
12B. Low Altitude 316. Flight Director 1. Mild Turb. 0. No Failures Start Evaluation: Straight and Level Flight on Initial Conditions
Maneuvering Tracking End Evaluation: Straight and Level flight at End of Maneuver

Loading: | 7. MFC - Final Cruise condition

H.ead/X Turb/ Approach (;e.ili.n.g/ Rwy Sur- R . [Evaluation Basis: Evaluate the ability to accurately maneuver the aircraft following the flight director com-
Wind, kt Gusts Category | Visibility face Initial Position Imands. There should be no tendency to oscillate about the flight director target and no tendency to PIO in ei-
0Kt/ Moderate/ 0 Unlimited/ Dry, N/A jther axis.
0 Kt None. Unlimited grooved
Performance Standards Target Desired Adequate
LT 1,500 EPR  Trim [PSCAS NORMAL| JAbnormals/Exceptions: iati i ; 100% of run time| 70% of runtime [>90% of run time
KEAS/M 190 RIC 0[RSCAS  NORMAL None. [Deviation from Flight Director command i iimer sirole i i;mer cirole n (:uter circle
GW 384,862 /T ON 1lot-Induced Oscillations (P1O) No PIO No PIO Not Divergent
C.G. 532 UuD ON
GEAR Up D ON Run No. % Desired % Adequate DASE Ratings:
LEF/TEF Auto onfig  RefHCyc3 CIR RQR

Procedure Evaluation Pilot (PF):

1. Establish straight and level flight at the indicated conditions.

2. Follow the HDD Flight Director (F/D) flight path and heading commands tightly, keeping the F/D errors to
within desired performance.

3. Terminate the maneuver in straight and level flight.

Procedure Test Engineer / Pilot Not Flying (PNF):
1. Confirm initial conditions.
2. Monitor any performance indicators that will not be automatically reported at the end of the run.

Display Perturbation Impact? Y/ N

3115 ||

T 3115

Figure B1. Composite flight director tracking task.
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4020 Nominal Approach & Landing

Date:

Pilot: Exposure:

Configuration:

Flight Phase MTE ‘Weather State Failures

15A. Initial Approach Fix | 313. Complete Approach | 1. Light Turb. 0. No Failures
and Landing

[Evaluation Segment:
[Start Evaluation:
[End Evaluation:

Glideslope and Localizer Intercept
1,500 ft, Final Approach Speed, Level
200 ft AGL, Landing Speed, Descending

Long CHR

Lat / Dir CHR

Loading: | 7. MFC - Final Cruise condition
Head/’X Turb/ Approach Ceiling/ Rwy Sur-
‘Wind, kt Gusts Category | Visibility face Initial Position
0 Kt/ Light/ 0 Unlimited/ Dry, 3 nm outside OM; On course for 30
0Kt None Unlimited grooved intercept of LOC; 4,500 right of cen-
terline
LT 1,500 Vapp 159 [PSCAS NORMAL Abnormals/Exceptions:
KEAS/M 190 Vref  154[RSCAS  NORMAL] |None.
GW 384,862 Vg/a 159 [A/T ON
C.G. 532| Vmin 125HUD ON
GEAR Up F/D OFF
[LEF/TEF Auto [Config  RefH Cyc 3

Procedure Evaluation Pilot (PF):

. Establish aircraft in steady level flight at the noted conditions, on intercept course for LOC.
. Slow to Vapp when instructed by PNF.

. Capture LOC. Track LOC to G/S intercept and capture G/S.

. Disconnect autothrottles at 50 ft AGL.

Manually retard throttles and execute a flare to touchdown at the target point on the runway.
. After touchdown, retard throttles to idle and lower the nosewheel to the runway.

AN B LN —

Procedure Test Engineer / Pilot Not Flying (PNF):

1. Confirm initial conditions.

2. Set Vapp as commanded speed at DME 7.0

3. 1/2 dot before G/S capture, call Gear Down and move gear handle to the down position

[Evaluation Basis: Evaluate the ability to accurately maneuver onto the final approach path and maintain nomi-
nal approach profile and speed at low altitudes. Attained trimmed flight before the middle marker (approxi-
Imately 0.5 nm from the end of the runway).

Performance Standards Target Desired Adequate
eviation from Final Approach Airspeed (kt) 0 -5 -10
eviation from Glideslope (dots) 0 —-0.5 -1.0
eviation from Localizer (dots) 0 —-0.5 -1.0

[Evaluation Segment:  Precision Landing

[Start Evaluation: 200 ft AGL, Landing Speed, Descending
[End Evaluation: Nosewheel touchdown

Long CHR | Lat/ Dir CHR

[Evaluation Basis: Evaluate handling qualities in landing. For desired performance, there should be no ten-
ency to PIO or bobble in pitch or roll. There should also be no tendency to float or bounce after touchdown.
[There should be no geometry strikes on touchdown.

Performance Standards Target Desired Adequate
eviation from Approach Airspeed at 50 ft (kt) 0 -5 -10
eviation from Runway Heading at touchdown (deg) 0 -3 -6
ongitudinal distance from threshold at touchdown (ft) 1250 1000-1500 750-2250
ateral offset from runway centerline at touchdown (ft) 0 -10 =27
[Sink Rate at touchdown (Tsec) <1 4 7
laximum Bank Angle below 50 ft AGL (deg) 0 -5 -7
1lot-Induced Oscillations (P1O) No PIO No PIO Not Divergent
[Geometry Strikes (tail, engine nacelle, wing tip) No Strikes No Strikes No Strikes
Run Neo.  Sink Rate TD X ™Y DASE Ratings:
CIR RQR

Display Perturbation Impact? Y/ N

4020 ||

T 4020

Figure B2. Nominal approach and landing.
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4069 IAG Lateral Offset Landing Date: Pilot: Exposure: Configuration:
Flight Phase MTE ‘Weather State Failures [Evaluation Segment: Glideslope and Localizer Tracking with Line-Up [ Long CHR [ Lat/ Dir CHR
15B. Maneuver to Final | 314. Approach and Land- | 11. Light Turb. w/Gusts | 0. No Failures Correction

Approach Fix ing from Lateral Offset [Start Evaluation: 1,000 ft AGL, Final Approach Speed, Level

Loading: | 7. MFC - Final Cruise condition [End Evaluation: 50 feet AGL, Pre-Flare, Descending

Head/X Turb/ Approach Ceiling/ Rwy Sur-

Wind, kt Gusts Category | Visibility face Initial Position |Evaluation Basis: Evaluate the ability to accurately maneuver onto the final approach path and maintain nomi-
0 Kt/ Light/ 0 Unlimited/ Dry, Outside OM, at 1,000 AGL nal approach profile and speed down the Decision Height (when Correct is called). Evaluate the ability to
0Kt None Unlimited grooved Imaneuver aircraft into landing line-up from offset ILS approach guidance and establish satisfactory pre-flare

landing conditions.

LT 1,500 Vapp 159 PSCAS NORMAL Abnormals/Exceptions: _

KEAS/M 159|  Vref 154[RSCAS  NORMAL | |ILS localizer should be offset 300 feet to Performance Standards Target Desired Adequate
IGW 384,862 Vgia 159 |A/T ON one side of the runway centerline, 1581 feet eviation from Approach Airspeed (kt) [AGL > DH] 0 -5 -10
C.G. 532| Vmin  125[HUD ON| [from the runswvay threshold, and the eviation from Glideslope (dots) [AGL > DH] [ 05 —T10
GEAR  DOWN F/D OFF| |glideslope setto2.50. o~ Tation Trom Localizer (dots) [AGL > DH] 0 03 1o
[LEF/TEF Auto [Config  RefH Cyc 3

[Evaluation Segment:  Precision Landing - Close-in Long CHR | Lat/ Dir CHR
Note: Procedure should be repeated for a total of 3 approaches and landings. Turbulence and discrete fon: ;
gusts added on second and thli)rd approaches. PP ¢ Start EvaluaFlon. 30 f.t AGL, Pre-Flare, Descending

[End Evaluation: Main Gear Touchdown (Nosewheel Touchdown,

if not in TIFS)

Procedure Evaluation Pilot (PF):

1. Establish aircraft in steady level flight on downwind, dog-leg, or straight-in for LOC capture, as called for
by test engineer, for G/S intercept.

. Maintain Vapp.

. Establish turn at no less than 3 miles from runway threshold and descend in altitude as required to track
LOC to G/S intercept and capture G/S.

. Track LOC and G/S using HUD, following the offset localizer raw data.

‘When PNF calls Correct, PF visually maneuvers as required to correct for the lateral offset and set up

for a touchdown at the target point on the runway.

. Disconnect autothrottles at 50 ft AGL.

. Manually adjust throttles as required and execute a flare to touchdown at the target point on the runway.

. Ifnot in TIFS, after touchdown, retard throttles to idle and lower the nosewheel to the runway.

[T YN

00~y

Procedure Test Engineer / Pilot Not Flying (PNF):

1. Confirm initial conditions.

2. During approach, PNF monitors any performance indicators that will not be automatically reported at the
end of the run.

3. At250 ft AGL, call Correct

[Evaluation Basis: Evaluate handling qualities in landing for a high-gain task. For desired performance, the

pilot should be able to precisely and positively control the aircraft touchdown and there should be no tendency

to PIO or bobble in pitch and roll. There should also be no tendency to float in flare. There should be no ge-
metry strikes.

Performance Standards Target Desired Adequate
[Longitudinal distance from threshold at touchdown (ft) 1250 1000-1500 750-2250
ateral offset from runway centerline at touchdown (ft) 0 -10 =27
[Sink Rate at touchdown (fUsec) <l 4 7
laximum Bank Angle below 35 ft AGL (deg) 0 -5 -7
1lot-Induced Oscillations (P1O) No PIO No PIO Not Divergent
[Geometry Strikes (tail, engine nacelle, wing tip) No Strikes No Strikes No Strikes

Run No.  Sink Rate TD X ™Y DASE Ratings:

CIR RQR

Display Perturbation Impact? Y/ N

4069 |

T 4069

Figure B3. IAG lateral offset landing.
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Task Rating Card - TaskID: [ ]Nominal [ ]Offset [ ]FIt Dir.

Pilot:

ADEQUACY FOR SELECTED TASK OR
REQUIRED OPERATION*

Configuration: Date:
Evaluation Segment Long CHR Lat-Dir CHR DASE CIR DASE RQR | NA
Approach
Landing

FHt Dir Tracking & Caputure

Is it
satisfactory without
improverment?

AIRCRAFT
CHARACTERISTICS

DEMAND ON THE PILOT
IN SELECTED TASK
OR REQUIRED OPERATION*

Excellent
Highly desirable

Pilot compensation not a factor for
desired performance

Good
4 Negiigile deiviencies

Pilot compensation not & factor for
desired performance

Fair - Some mild
unpleasant deficiencies

Minimal pilot compensation required for
desired performance

Minor but annoying
deficiencies

Desired performance requires moderate
pilot compensation

Moderately objectionable

Adequate performance requires

Deficiencies

pilot

warrant Very abjectionable but
tolerable deficiencies

Adequate performance requires
extensive pilot compensation

Adequale performancs nol allamable wih
maximum tolerable pilot compensation
Gontrollability not in question

Is it
controllable?

pilot is required
for control

improvement
Wajor deficiencies
No Major
Defisiencies
require Major deficiencies
improvement

Intense pilot compensation is required to
retain control

Major deficiencies

Gontrol will be lost during some portion of
required operation

mandatory

DASE INFLUENCE ON PILOT'S
CONTROL INPUTS

Pilot does not alter control inputs as a
result of aircraft flexibility.

Pilot intentionally modifies control inputs
to avoid excitation of flexible modes

Cockpil vibrations mpad predision of
voluntary control inputs

Cockpit vibrations cause occasional
involuntary control inputs

Gockpit vibrations cause frequent
involuntary control inputs

Gockpit vibrations cause sustained involun-
tary control inputs or loss of control

*Definition of required operation involves designation of flight phase andior
subphases with accornpanying conditions

DASE INFLUENCE ON
RIDE QUALITY

Gockpit vibrations do nol impadt ride
quality.

Gockpit vibrations are perceptible but not
objectionable - no improverment necessary.

Gockpit vibrations are mildly objectionable -
improverment desired

Cockpit vibrations are moderately
objectionable - improvement warranted

Gockpit vibrations are highly objectionable -
improverment required

Cookpl wibrations cause abandonment
of task - improverent required

Do aeroslastic display perturbations impact the ease
or precision with which the task is performed? YIN

Display Perturbation Impact? Y/ N

Figure B4. Task rating card.



Appendix C

HUD Symbology

The head-up display (HUD) format shown in figure C1 was used during the LaRC.1 piloted Ref-H
evaluations and has all elements depicted. This full clutter mode is not used in any of the tasks of
LaRC.3, but various elements can be enabled for specific tasks. This symbology set has been made to
follow as closely as possible the symbology set discussed at an external vision system (XVS) symbology
workshop at Langley in September 1996, but does not completely conform to the XVS symbology set due
to resource limitations.

8
,/ A
282 GS
0.44 M
0.81G

t-6800 ™4™

e .
)
6600 |

5400 ﬂ
- e ond

Run 001
00:00 ET
12-12-99

D ,

Figure C1. HUD display.

HUD display control: Display of all the following HUD items are controlled through the initial con-
dition (IC) files for each assessment task. Each task has several HUD options that can be viewed by
striking the HUD declutter button on the simulator instrument panel. In general, three HUD options are
available along with varying levels of declutter. Repeatedly striking the declutter button will eventually
remove all HUD symbology. Additionally, HUD mode changes, such as those encountered during the
go-around maneuver, will induce an automatic HUD change when the pilot strikes the takeoff go-around
(TOGA) button.

The various features of the HUD are indicated by their identification numbers (from 1 to 15) and are
described in sequence. Operation of the new HUD element logic is also discussed.
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1.

3.

Bank angle scale with roll pointer and sideslip indicator. This section of the LaRC.1 HUD is
specified to be the same as previously employed for the 1995 LaRC.0 assessment study. It should
be noted that after initial evaluations during LaRC.0, the sideslip indicator (lower portion of roll
pointer triangle) displays complementary filtered sideslip angle as the default for all tasks. The
sideslip indicator will turn amber when it moves just past the edge of the roll pointer indicating a
sideslip angle of 4°.

Figure C2. Bank angle scale with roll pointer and sideslip indicator.

Heading scale-horizon line. This section of the LaRC.1 HUD is specified to be the same as previ-
ously employed for LaRC.0. Smaller tick marks, without labels, are drawn at 5° increments.

34 3s N 01 02

Figure C3. Heading scale-horizon line.

Airspeed tape display. Ttem 3 is a totally new element for the NASA LaRC Ref-H assessment
project. It displays analog and digitally filtered equivalent airspeed (EAS) that were displayed
only digitally on the 1995 LaRC.0 HUD. Several airspeed bugs are required for this system.
Takeoff decision speed Vi, rotation speed V;, takeoff safety speed V>, and maximum operating
speeds Vi and My, are displayed. Ving, Mo, and Viin boundaries are indicated by red and white
checkered areas on the right side of the airspeed tape reference line. Values of V1, V,, V2, Vino,
Mo, and Vi are read from the maneuver IC files. Speeds V are displayed on the right side of
airspeed tape reference line (white). Current commanded airspeed, either from the IC file or from
the CDU, are displayed by the appropriate icon shown in figure C4 on the left of the airspeed tape
line (white). Digital equivalent airspeed is displayed in the highlighted area to the nearest knot
(white). The airspeed trend line (green) indicates the anticipated airspeed that will exist in 10 s. It
emanates from the origin of the airspeed tape. The inertial acceleration parameter from the air-
speed complementary filter system is used for this purpose. A 1-s time lag is applied to this vari-
able to smooth its response. The open areas of the airspeed indicator are not shaded.

E-ﬂ ----------------------- Vino/ M mo boundary (red/white)
280

Commanded airspeed indicator (white) —— e Adrspeed trend line (green)

o
Digital airspeed display (white) —— l-

Airspeed tape reference line (white)

s——— Reference airspeeds (white)

-

270 g Vs boundary (red/white)

Figure C4. Airspeed tape display.
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4. Altitude display tape. The altitude tape display is also a new HUD element. It provides detailed
altitude information to the pilot. The digital altitude display (white) is different from the airspeed
digital display in that the digits representing hundreds of feet scroll at a different rate than the
digits representing tens of feet. For example, for altitudes between 6400 and 6500, the 064 would
remain constant and the digits representing tens of feet would change. Note that the digits repre-
senting tens of feet are resolved in 20-ft increments. The color of the altitude tape reference line,
tick marks, and labels is white unless the altitude is below the minimum altitude. When the alti-
tude is below the minimum, the altitude tick marks are amber. Minimum altitude is set at 200-ft
AGL. The rate of climb display (white) indicates the analog rate of climb only when the rate of
climb is between +4000 and —4000 fpm. When the rate of climb is greater than =4000 fpm, the
rate of climb will be displayed by three digits (white) at the top (or bottom) of the scale indicating
rate of climb in hundreds of feet per minute (fpm). The scaling of this display is nonlinear in that
the distance from 0 to 1000 fpm is twice that between 1000 and 2000 fpm, which is twice the dis-
tance between 2000 and 3000 fpm. The distance between 3000 and 4000 fpm is the same as 2000
to 3000 fpm. The minimum altitude wedge (amber) will become visible when the altitude reaches
the minimum altitude (200 ft) with the base of the wedge touching the altitude scale line when the
altitude reaches 0 ft. An option is given to switch between pressure altitude and radar (landing
gear) altitude. When in radar altitude mode, an R (white) is displayed at the top and bottom of
the altitude scale line. No indication is shown when not in radar altitude mode (i.e., a P is not
displayed when not in radar mode in an attempt to reduce HUD clutter). The open areas of the
altitude indicator are not shaded.

68,004~
._3._.

F6600

i
2

. ) . L I b Rate of climb display (white)
Digital altitude display (white) —fms ozj;\gg

Altitude tape reference line (normal/white) 6400

- -1

626072 7]

-3 =

Ve Minimum altitude warning wedge (amber)

Figure C5. Altitude display tape.

5. Velocity vector cluster. The velocity vector cluster (white) is similar to that used in the 1995
LaRC.0 HUD and includes the velocity vector symbol (an open circle with fins), option digital air-
speed, altitude and distance measuring equipment (DME) readouts, an airspeed error tape that
grows above or below the left fin of the velocity vector symbol, and an acceleration indicator. The
main difference is that the digital airspeed and altitude indicators of the 1995 LARC.0 HUD could
be moved to the airspeed and altitude display tapes. DME distance to the runway threshold can
also be displayed if desired. Other minor changes are that the acceleration diamond is now a caret
(>) and that it is driven differently. The acceleration caret indications are now dependent on iner-
tial acceleration computed in the airspeed complementary filter section. This computation employs
the acceleration of the C.G. of the aircraft resolved along the flight path. A 1-s lag is applied to
this signal to improve its motion. In addition, the capability to automatically move the acceleration
indicator from the velocity vector cluster to the pitch reference waterline has been implemented. It
will move to the reference waterline when the angle of attack is above 15° and back to the velocity
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vector cluster when the angle of attack is below 14°. Another feature of the acceleration arrow is
that its zero position can be biased to permit its use while maintaining a nonzero acceleration, such
as that desired for the entry phase of the recovery from limit flight tasks.

(0
Equivalent airspeed —— w257 in 6470 a— Altitude (either pressure or radar)

Distance to runway threshold

Figure C6. Velocity vector cluster.

6. Pitch grid, reference waterline, and heading scale. The pitch grid and reference waterline (white)
were changed for the 1996 LARC.0 HUD. The waterline was replaced with a winged-V. Use of
the 1995 LARC.0 HUD takeoff rotation brackets (magenta) and expanded reference waterline
(item 14) are included in the HUD option. The pitch grid is much wider than the 1995 LARC.0
HUD and has the center open. Only one set of pitch grid labels is indicated for this HUD option
and the labels are placed inside the left-side pitch grid tick marks. The horizon line and heading
scale are the same as the 1995 LARC.0 HUD. The tail-scrape bar (red and white striped barber
pole), which is item 13, is also retained with this HUD option.

,,,,,,,,,, 10 TN T g Pitch grid
Reference waterline

Figure C7. Pitch grid, reference waterline, and heading scale.

7.and 8. ILS glide-slope and localizer displays. The ILS glide-slope and localizer displays are
colored white with a white moving diamond. When excessive deviation occurs, the white
diamond changes to an amber flashing diamond. Excessive deviation is one dot. The glide-
slope display is placed just outside the altitude display tape.
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Figure C8. ILS glide-slope and localizer displays.

9. Analog-digital angle of attack display. Digital angle of attack moves with the analog pointer on

the scale. If the angle of attack is not displayed with this display, digital angle of attack is dis-
played in the upper left-hand corner of the HUD.

Figure C9. Analog-digital angle of attack display.

10. Analog-digital acceleration tape (white) display. Digital normal acceleration moves with the

11.

analog pointer on the scale. If the normal acceleration is not displayed with this display, digital
normal acceleration is displayed in the upper left-hand corner of the HUD.

Figure C10. Analog-digital acceleration tape display.

Takeoff climb guidance system. This system consists of a labeled dashed line with a velocity
vector guidance symbol (an open circle). The dashed line (magenta) is displayed when the pilot is
commanded to fly a specific climb gradient. The labels of this line represent the climb gradient, in
percent. When the velocity vector guidance system is operating in this mode, the velocity vector
guidance symbol (also magenta) is constrained to travel across the dashed line and provides the
pilot with steering information only to maintain the extended runway centerline. When the takeoff
guidance system 1is in airspeed command mode, the dashed line is removed and the velocity vector
guidance symbol provides both longitudinal and lateral information. Longitudinal guidance is a
combination of airspeed error and inertial acceleration and is provided to assist the pilot to main-
tain the desired airspeed when operating in a fixed-thrust mode. The pilot attempts to place the
velocity vector symbol on top of the velocity vector guidance symbol. The lateral guidance is the
same regardless which mode of the takeoff climb guidance system is selected.
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Figure C11. Takeoff climb guidance system.

12. Depressed glide-slope reference line. The purpose of this reference line is to provide the pilot with
an indication of where to place the velocity vector to fly a flight-path angle equal to the glide slope.
It is horizontally slaved to the velocity vector.

Figure C12. Depressed glide-slope reference line.

13. Tail-scrape bar (red and white striped barber pole). The tail-scrape bar indicates what pitch atti-
tude the aircraft would have to reach in order to scrape the tail on the ground.

Figure C13. Tail-scrape bar.

14. Reference waterline (white). Most of the time the reference waterline is the smaller size, which is
indicated by the label normal reference waterline. During takeoff rotations, however, the reference
waterline becomes much larger and is used in conjunction with the pitch rate error brackets to pre-
cisely control the rotation performance of the aircraft. The pitch rate error brackets are approxi-
mately 2° high. A pitch rate error of £0.5 deg/s will displace the pitch rate error bracket one half
the height of the inner pointer with respect to the reference waterline. A pitch rate error of
+1.0 deg/s will displace the pitch rate error bracket one half its total height with respect to the ref-
erence waterline.

P Normal reference waterline
E—\/— —\/\§ e Pitch rate error brackets
~~——————— Hnlarged reference waterline

(used during takeoff rotation)
Figure C14. Reference waterline.

15. Digital information selective display in upper left-hand corner of HUD. When angle of attack and
normal acceleration are being displayed with the analog/digital tape displays, those parameters are
removed from this element.

28— Wind indicator (speed and relative direction)
o - Ground speed, knot
2e1 s — Ground speed, knots
0.44 M — Mach number
Normal acceleration, g units
— Angle of attack, deg

Figure C15. Digital information selective display.
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Appendix D

Flight Director Implementation for Task 3115

The composite flight director tracking task allowed the pilot to evaluate the ability to accurately
maneuver the aircraft by following flight director commands. The flight director was driven with a
composite signal containing elements from various maneuver segments that had been examined in previ-
ous Ref-H simulations. These maneuver segments included a localizer capture from the nominal
approach, glide-slope capture, a descending turn, and a rapid pull-up as found in the landing go-around
tasks. Each of these segments are described in this appendix. Flight-path and track angle commands
from these segments were combined with varying order and sign to produce a flight director behavior that
was not easily anticipated, but which was still representative of actual flight maneuver tasks.

Maneuver Segments for Use With Composite Flight Director Tracking Task
Go-Around Plus Spiral Descent

A sequence of flight-path and heading changes to the flight director was used to create an aggressive
pull-up followed by a descending turn. This sequence is shown in table D1 and figure D1.

Table D1. Flight-Path Angle and Heading Angle Command Sequences
for Go-Around Plus Spiral Descent Task

Time. s Flight-path angle Heading angle com-
? command, deg mand, deg (x R1)
0 0 0
10 15 0
13 15 0
23 5 -15
25 5 -15
S)‘O 18 J | | i U |
R[S NN SN S S S S N
g | . ! : ~ |
2 My TN T i :
§ 121- ; § -6 |- !
3 : : : : :
o 0 fee fofes e N fremee R 1
2 : | | ! < |
3 S A— A S— S— R T S -
o3 [ 1 1 t % |
& 6 feene- LS b beoenee- L N I ) S .
S : : : : :
B e  RGROEITEELEETI FERREREE ._%”—14 s RSEETEE bemnees Rt R E
e s R e
= : ; ; ; g ; ; : ;
0 5 10 15 20 25 0 5 10 15 20 25
Time, s Time, s

Figure D1. Flight-path angle and heading angle time histories.
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Glide-Slope Intercept

Another portion of the flight director tracking task included a flight-path change corresponding to a

glide-slope intercept, as shown in table D2 and figure D2.

Table D2. Flight-Path Angle and Heading Angle Command Sequences
for Glide-Slope Intercept Task

Tim Flight-path angle Heading angle command,
&8 command, deg deg
0 0 0
5 -3 0
8 -3 0
0 i i i
20 ; i ;
(4 i ' i
e e fommmooes fommmmommae fommmmmme
o ! ! !
g —1.0 fremeem N bememmnonnes bomemmnonnes fomemmnnnne ]
SR T S s frommmns e
= : ! :
2 001 L L B
© i i i
[ 1 | |
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= s e s
S35 pomoo-—o---- et
0 2 4 ) 8
Time, s

Figure D2. Flight-path angle time history for glide-slope intercept task.

Localizer Intercept

The heading angle command change corresponding to a localizer intercept, shown in table D3 and fig-

ure D3, constituted the third portion of the flight director tracking task.

Table D3. Flight-Path Angle and Heading Angle Command Sequences
for Localizer Intercept Task

Time. s Flight-path angle Heading angle command,
’ command, deg deg (x R2)
0 0 0
10 0 15
12 0 15
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Figure D3. Heading angle command time history for localizer intercept task.

Random Sense and Sequencing for Maneuver Segments

The sequence of execution of maneuver segments 1, 2, and 3 was randomly chosen prior to the start of
a run. If a particular segment ended with a nonzero flight-path or track angle command, then the follow-
ing segment was executed relative to that nonzero condition. The sequence would always begin with a
3-s interval of straight and level flight before the first of the maneuver segment flight director commands.
After this 3-s interval, the flight path and heading command sequence began. The parameters R1 and R2
were integers which had a constant value during a run, but which were randomly chosen to be either —1 or
+1 prior to the start of a run. Their values were independent of each another.

Filtering of Flight Director Signals

Second-order filters were applied to signals that drove the flight director symbol to prevent overly
abrupt changes in the target climb rate and turn rate. The second-order filters had the form shown in
equation (D1).

——— (D1)
As”+Bs+1

where 4 and B are time constants and s is the LaPlace operator. The time constants for these filters were
separately tuned for the vertical and lateral command paths based on preliminary pilot evaluations. The
time constants produced a critically damped second-order behavior with a natural frequency of 1.2 rad/s
in the longitudinal path and 0.6 rad/s in the lateral path. The values of the time constants are as follows:

Table D4. Values of Time Constants

Path A B
Vertical 0.70 1.30
Lateral 2.80 2.60
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Performance Tolerances for Flight Director Tracking Task

To compute the task performance for this maneuver, it was necessary to calculate the percentage of
time spent with the center of the flight-path marker symbol within 1° and within 2° of the center of the
flight director symbol. The flight director symbol consisted of two concentric circles centered on the
flight director command as shown in figure D4. The inner circle had a radius of 1.25° and the outer circle
had a radius of 2.25°. Desired performance for the flight director tracking task required that the pilot
maintain the entire flight-path marker inside the inner circle (1.25° radius) for at least 70 percent of the
duration of the task. Adequate performance required that the pilot maintain the entire flight-path marker
inside the blue (2.25° radius) for at least 90 percent of the duration of the task. The task performance was
computed based on the pilot’s flight-path command symbol (the output from his stick integrator which
appears on the HUD) and not the actual flight path of the vehicle. Therefore, this task provided an
indication of the pilot’s ability to issue precise maneuver control inputs in the presence of aeroelastic
disturbances.
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28 /\/\// ADL \\Ji\
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faras e
045M  — 19 —

__— Concentric flight

(.04 G o P : .
1250: @ e director circles
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Figure D4. Flight director symbol.
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